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A BSTR A C T
CORROSION PR O TEC TIO N  OF METALS 
BY  PO LY(3-M ETH Y LTH IO PH ENE) COATINGS
b y
Shouxian Ren  
U niversity o f New Ham pshire, Decem ber, 1992
Electrochem ically prepared poly(3-m ethylthiophene) (P3M T ) films were used as conductive 
polym er coatings to poise a su b stra te  m etal in the  passive po ten tia l range in corrosive media. 
To firmly adhere P3M T coatings onto su b stra te  m etals, different methods were developed for 
each m etal; stainless steel (430SS), titan ium  (T iG r2) and carbon  steel (C1010). T he samples 
were either p re trea ted  by anodization  in phosphate solution to  form a  uniform  porous 
surface or p itted  by chloride ions sim ultaneously with the form ation of an adhesive thin 
film. Coatings were characterized for various galvanostatic electropolym erization conditions 
on both  p latinum  and phosphated  430SS (Ph430SS) ro tating  disk electrodes (R D Es). Both 
applied curren t density and  ro ta tion  ra te  affected subsequent redox capacity, polarization 
and self-discharge behavior o f the coatings in 1 N sulfuric acid solution.
W ith  Ph430SS as su b stra te , the stability  of P3M T  coatings was investigated in various 
corrosive m edia. I t was observed th a t  th e  reversibility of the coatings above -0.3 V in several 
aqueous acid solutions con tribu ted  to  their stability. In the  presence of chloride ions, the 
coatings failed to  protect Ph430SS because of penetration  of Cl-  ions through the  coating 
and resulting p it form ation on the substrate .
Galvanic corrosion experim ents were conducted to  evaluate the effectiveness of the 
coatings in stabilizing Ph430SS and titan ium  in the  passive state . In these experim ents, a 
coated electrode was coupled to  a  bare electrode, and both  electrodes were im m ersed. The 
coatings stabilized the  exposed substra te  in certain  corrosive m edia at room  tem p era tu re
xiv
under e ither air or nitrogen purge.
C oatings on titan ium  were tested  in 4 N sulfuric and hydrochloric acid solutions at 
various tem peratu res. T he coatings stabilized the su b stra te  a t tem peratures below 50°C, 
E lectrochem ical Im pedance Spectroscopy (EIS) was used to  evaluate the short-term  stab ility  
of P3M T coatings on titan iu m  both  in solution and in am bient air.
A lthough C1010 carbon steel can be passivated by anodic p re treatm en t, P 3M T  coat­




C onductive polym ers, such as polyacetylene, polyaniline, polypyrrole and polythiophenes 
have been intensively studied in  the last decade [1,2,4,5,6,7] with a tten tio n  to  synthesis 
m ethods, s tru c tu re  and m orphology characterizations, electrical, optical and m echanical 
p roperties as well as stab ility  and degradation. A t the  present tim e, the  m ost successful 
application  is in rechargeable batteries. T he application of conductive polym ers in anodic 
m etal p ro tection  is still in an early stage [8,9,10]. In th is study, we aim ed to  apply  elec- 
trochem ically  prepared P3M T  coatings to  pro tection  of passivating m etals, such as 430 
stainless steel (430SS) and  grade-2 titan iu m  (T iG r2) in aqueous m edia.
T here are  m any approaches for m etal corrosion pro tection , such as form ulation  of 
the  com position or s tru c tu re  of a  m etal, addition  o f inhibitors to  the  corrosive m edium, 
and application  of m etallic, inorganic or organic coatings. Since the corrosion of m etals in 
aqueous or m oist environm ents is of an  electrochem ical natu re , one approach to  reduction 
of corrosion is by electrochem ical pro tection  [11]. According to  w hether the  pro tected  m etal 
p o ten tia l is displaced in th e  negative or positive direction, the  electrochem ical protection 
can be divided in to  tw o categories, cathodic protection and anodic protection. To illustra te  
these tw o categories, a  po ten tial-pH  diagram  of iron is shown in Fig. 1.1. According to 
the  d iagram , there are tw o ways to  p ro tect iron from corrosion through control of the 
p o ten tia l. By displacing the  po ten tia l in the negative direction, the  iron is brought to  a 
therm odynam ically  stab le  sta te . This is called cathodic protection. On the  o ther hand, 













im m u n it y
-io  -
Figure 1.1: P oten tia l-pH  diagram  for iron in su lphate solutions, ( l )  U npro tected  specimen; 
(2) C athodically  p ro tected  specimen; (3) A nodically p ro tected  specimen (after W ranglen 
[11])-
ra te  is substan tially  reduced. In th is condition, the m etal is therm odynam ically  unstab le, 
bu t dissolves very slowly due to  the  presence of a passive film of oxygen or of corrosion 
products. T his is the  principle of anodic pro tection . C athodic o r anodic pro tection  can be 
achieved by e ither galvanic or electrolytic m ethods, defined as follows [11]:
•  Galvanic method: In cathodic pro tection , the p ro tected  m etal is taken as the  cathode 
of a  galvanic cell. T he anode of the  cell is a sacrificed m etal (M g, Zn, Al) which corrodes 
spontaneously. In anodic pro tection, a noble m etal (P t ,  P d , Ag, Cu) or a conductive 
polym er coating is coupled to  the  pro tected  m etal, which becomes an  anode of the galvanic 
cell and stays in its  passive po ten tia l range.
•  Electrolytic method: A direct cathodic or anodic curren t from an outside source is
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supplied and the  p o ten tia l of the  p ro tec ted  m etal is regulated  by galvanostatic polarization.
For anodic p ro tection  to  be possible, the  p ro tected  m etal m ust be passive in some 
po ten tia l range. M etals qualified to  be pro tected  anodically include chrom ium , stainless 
steel, titan ium  and  certain  types of carbon steel. Passivation of the m etal is caused by a 
film formed on its surface. T here are  tw o common theories regarding the  n a tu re  of passive 
films [12]. T he first theory  considers the  passive film as a diffusion-barrier layer of corrosion 
products, such as m etal oxide, which slows down the  dissolution process. T he second view 
is th a t  the passive m etal is covered by a  chem isorbed film, for exam ple, a  stable adsorbed 
film form ed by dissolved positively charged m etal ions com bining with the adsorbed layers 
of negatively charged oxygen ions and molecules. T he second theory  applies to  the case of 
very th in  passive films. Chloride ions break down or prevent the  form ation of passive films 
on m ost m etals w ith the  exception of titan ium .
A p o ten tio sta tic  polarization diagram  of 430SS in 1 N a ir-sa tu ra ted  sulfuric acid solu­
tion m easured in th is  labora to ry  is shown in Fig. 1,2. T he behavior of the  m etal changes 
th rough th ree  different po ten tia l ranges: active, passive and  transpassive. T ranspassive 
corrosion occurs a t  po ten tials sufficiently positive to  drive curren t through the  passive film.
C onductive polym ers can be used to  poise a  passive m etal in its  passive potential 
range according to  th e  principle o f anodic pro tection  (Fig. 1.3). In Fig. 1.3, a steel sample 
is galvanically coupled w ith  a  polym er-coated steel. B oth  sam ples are im m ersed in  a dilute 
sulfuric acid or n itric  acid solution. Because the  open-circuit po ten tia l ( E oc) o f the charged 
polym er coating is w ithin the passive po ten tia l range of th e  steel, the  exposed steel (anode) 
is passivated by th e  coupled polym er coating (cathode) and has a  very low dissolution rate . 
As electrons pass from  anode to  cathode, the  polym er is reduced. However, the conductive 
polym er coating contains a  reversible couple which can be sustained  by an ox idan t, norm ally 
oxygen, in the  environm ent. T he reduced polym er coating can therefore be reoxidized by 
an oxidant. T he net reaction on the  ca thode is the  reduction  of the oxidant. T he key point 
here is th a t  the  coupled polym er coating would be fully discharged w ithout reduction of an
3
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Figure 1.2: Polarization  diagram  of 430SS in 1 N a ir-sa tu ra ted  sulfuric acid solution.
oxidant. T he addition  of an oxygen-reduction ca ta lyst to  conductive polym er coatings can 
therefore assist in stabilization  of the coating and su b stra te  [8]. In contrast w ith organic and 
inorganic pain ts which perform  only as physical barriers, a  scratch  on a conductive polym er 
coating does not affect its ability  to  p ro tec t the  su b stra te  m etal from corrosion, since the 
exposed surface rem ains passive as long as it is in galvanic contact with the  coating.
To be able to  anodically p ro tect a  passive m etal, there are three fundam ental require­
m ents for conductive polym er coatings.
•  T he open-circuit po ten tia l of a given polym er coating has to  be w ithin the passive 
po ten tia l range of a p ro tec ted  m etal.
•  R eduction o f an  oxidant has to  take place a t the polym er/electro ly te  interface to  
keep the  polym er coating from being discharged.
•  T he polym er coating has to  be chemically stable in a given corrosive m edium ,
Poly(3-m ethylth iophene) (P 3M T ) coatings have open-circuit po tentials (E oc) w ithin
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F igure 1.3: A n illu s tra tio n  of anodic p ro tec tion  o f an  exposed steel sam ple by a  galvanically 
coupled conductive polym er coating.
passive p o ten tia l ranges of b o th  430SS and  T iG r2 . In add ition , P 3M T  coatings are more 
stab le  th a n  o th e r conductive polym ers [62,63,65]. T herefore, P 3M T  coatings were chosen 
to  p ro tec t th e  m etals from  corrosion in th is  study . T he pro tection  system  of a  m etal is 
il lu s tra ted  in Fig. 1.4. A passive m etal, in itia lly  w ith  or w ithou t a  passive film , is coated 
w ith  a  porous P 3M T  coating . T h e  com posite e lectrode is then  im m ersed in  a  corrosive 
m edium  to  eva lua te  th e  stab ility  o f th e  coa ting  and  its efficiency for p ro tec ting  th e  su b stra te  
o r th e  exposed m etal from  corrosion.
A conductive polym er coating  can  be form ed by bo th  chem ical and  electrochem ical 
m eans [1]. I am  not aw are of any  previous stu d y  in w hich a  passive m etal was p ro tec ted  by 
chem ically synthesized conductive polym er coatings. W ith  electrochem ical po lym erization,
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Figure 1.4: A n illu s tra tio n  of th e  p ro tec tion  system  of a  m etal.
th e  th ickness and  oxidation  s ta te  o f the  coatings is easily controlled  [1]. E lectrochem ical 
po lym erization  of 3 -m ethy lth iophene (3M T ) on to  th e  su b s tra te  was therefo re used in th is 
study . B o th  cyclic v o ltam m etry  [8,9] and  ga lvanosta tic  [13,14] techniques have previously 
been applied in  electrochem ical polym erization . T h e  galvanosta tic  techn ique , in which a  
c o n stan t cu rren t density  is applied  during  th e  polym erization , was chosen for th is  study. 
A pplied  cu rren t density  ( i j ) ,  ro ta tio n  ra te  o f th e  R D E  ( 0 )  and  deposition  (polym erization) 
tim e ( t j )  are th e  process variables for th is technique.
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Chapter 2
L iterature R ev iew
2.1 General aspects
In the  h istory  of polym er technology, one of the  m ost valuable properties of synthetic  poly­
m ers has been their high electric resistance a t bo th  high voltages and  high frequencies. 
Nevertheless, in 1977 M acD iarm id et al. discovered th a t when polyacetylene is trea ted  by 
Lewis acids or bases, its  conductiv ity  increases by 13 orders o f m agnitude [21]. T he tre a t­
m ent, called ‘doping’, results in rem oval or addition  of electrons from or to  the  polym ers. 
Since 1977, m uch a tten tio n  has been given to  developm ent of a  range of conjugated polym ers 
w ith th e  p roperty  of electric conductivity. A significant achievem ent was m ade by BASF 
scientists, Dr. N aarm ann and his coworkers [7], who trea ted  polyacetylene w ith  iodine. The 
doped polym er possesses a  room -tem peratu re  conductivity  abou t a  th ird  th a t  o f copper on 
a  volume basis. On a  weight basis, the  polym er’s conductiv ity  is tw ice th a t  of copper. This 
am azing result accelerated th e  search for ‘organic m eta ls’. Lockheed scientists, led by Kuan 
have been developing stable, conductive, processible and inexpensive conducting polym ers 
to  build up a new generation of com bat aircraft with various advantages [5]. O ther applica­
tions of conductive polym ers in  rechargeable (secondary) batteries, sem iconducting devices, 
catalysis, sensors and so on, have been proposed [1,4].
T he conductiv ity  of conductive polym ers can be reasonably described by the m olec­
ular o rb ita l theory. In a given electronic system , such as a  conjugated polym er, there are 
energy levels corresponding to  th e  highest filled m olecular o rb it (H FM O ) and the  lowest 
em pty  m olecular o rb it (LEM O ). By analogy w ith the  theory  of m etal (or sem iconductor)
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Figure 2.1: M olecular o rb ita l and band for m otion (after Balcius [2])
conduction, th e  HFM O and LEM O refers to  the conduction band  and the  valence band 
respectively (see Fig. 2.1).
Electric conduction takes place when either positive vacancies (holes) are in troduced 
in the  valence band, or electrons are  pum ped up to  the em pty  conduction band through 
energy prom otion. T he la ttice  s tru c tu re  of polym ers can be described by tw o param eters,
i.e., band  w id th  and band  gap [2], T he band  w idth represents the  degree of conjugation for 
a  given polym er; a  broad  band is indicative o f a higher degree of delocalized o rb ita l overlap. 
T he band gap is a m easure of the  energy required to  prom ote the  electrons in the  valence 
band  to  the conduction band. A polym er w ith a  broad valence band and a  narrow  band  gap 
should possess the  capability  of being m ade conductive. However, even the m ost ordered and 
conjugated polym ers tend  to  resist electric conduction owing to  the large energy for electron 
prom otion [2], A doping process, in which electron donating  or accepting molecules (or ions) 
are incorporated  in to  a  polym er m atrix , can increase the  conductiv ity  of the  polym ers by 
as m uch as 18 orders of m agnitude [3]. Therefore, the electronic properties of the polymers
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can be controlled by doping in the  range from insu lato r to  m etal.
Electron donating  species (n -type do p an t) such as Na, K and  Li, can form an energy 
s ta te  ju s t below the  conduction band and facilita te  population  of the conduction band. 
On the o th er hand, Lewis acids or bases act as electron acceptors (p -type dopan t) to  cre-
above the valence band and cap ture  electrons from it resulting 
(positive vacancies) [2]. Fig. 2.2 presents an illustra tion  of this 
of electric conductivities am ong selected polym ers, corresponding
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Figure 2.2: C reation  of m obile carriers by doping (after Balcius [2]).
doped-polym ers and inorganic m aterials is shown in Fig. 2.3. B aughm an et al. discussed a
ate an energy level ju st 
in a  generation of holes 
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Figure 2.3: A pproxim ate conductivities of selected polym ers and inorganic m aterials (after 
K uan [5]).
second class of conductive polym ers which undergo irreversible chem ical m odification d u r­
ing doping. In this case, the dopan t can form a covalent bond w ith the doped polym er and 
give the polym er more conjugated character [3].
C onductive polym ers can be synthesized by chemical m ethods from m onom er solu­
tions. Billingham  and C alvert have given a detailed review [1], T he m ajor advantage of 
chemical synthesis is its flexibility for in troducing  certain  active chemical groups onto  the 
polym er backbones. These groups can m ake the  polym ers soluble in non-aqueous or aque­
ous solutions depending on th e ir properties and in  tu rn  create m ore processible conductive
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polym ers [22,23,24]. T he in troduced  group also can work as a bridge between the  polym er 
backbone and  o ther chem ical branches to  im prove properties [25]. Recently, a  m ethod  for 
p lasm a polym erization of th iophene and 3-m ethylth iophene has also been reported  [26].
E lectrochem ical polym erization can also be used to  generate electrically conductive 
polym ers. An advantage of th is m ethod is im proved control of the in itia ting  species con­
centration  and  the  reaction ra te  [l]. E lectrosynthesis has prim arily been used to  generate 
th in  films on su b s tra te  m etals. W altm an and coworkers investigated the m echanism  of 
electrochem ical polym erization. T hey found th a t  when a  m onom er (R ) is electrooxidized 
to  its radical cation (R +‘) a t th e  electrode surface, th e  transfer of electron is m uch faster 
th an  the  diffusion of R from the bulk solution to  the electrode surface. T his ensures the 
form ation of a cluster of R +‘ on the  electrode surface a t the  applied voltage. T he cluster can 
be continuously m aintained by diffusion of R from the  bulk solution. T he radical cations in 
th e  cluster undergo a series of follow-up reactions to  form a  polym er film on the  electrode
[4]-
More recently, electrochem ical copolym erization has received extensive in te rest owing 
to  its po ten tia l for m odifying the physical properties of conductive polym ers. T he copoly­
m erization  of th iophene or 3-m ethylth iophene w ith o th er m onom ers has been described in 
recent publications [27,28,29,30,31].
M ost electrochem ical polym erizations take  place in non-aqueous m edia which are ex­
pensive in general. To reduce th e  cost of conductive polym ers, polypyrrole (P P )  has been 
successfully generated  in aqueous solutions [84,33]. Dong et al. developed a m ethod  to  elec- 
trochem ically  polym erize 3-m ethylth iophene in aqueous phosphoric acid solution. However, 
the  poly(3-m ethylth iophene) (P 3M T ) films had poorer conductivity  th an  films produced in 
organic m edia [34].
Because of the  great num ber o f papers on conductive polym ers, th is review m ainly 
considers electrochem ically p repared  polythiophene (P T ) and its derivatives.
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2.2 Electro chem ically prepared PT  and its derivatives
2.2.1 Effect of deposition conditions on polymer properties
Electrochem ical polym erization of th iophene is an  excellent m ethod  for generating stable 
and flexible P T  films w ith high conductiv ity  [35]. Tourillon and G arnier found oxidation 
po ten tial of thiophene to  be abou t 1.6 V /S C E  a t p latinum  electrodes [35]. Reynolds et al. 
found th a t  the oxidation  po ten tia l of 3-m ethylth iophene varied from 1.55 to  1.65 V /S C E  
with the type of electrolyte [36]. T he use of a sa tu ra ted  calomel reference electrode is 
questionable. Since it is an aqueous electrode, it is not clear th a t  it reaches a  well-defined 
po ten tia l with respect to  the working electrode in an  organic solvent.
Roncali e t al. studied the effect of in itia l m onom er concentration  on the  properties of 
poly(3-m ethylth iophene) (P 3M T ) films form ed by cyclic vo ltam m etry  (CV ). It was evident 
th a t  high m onom er concentrations (g reater th a n  0.5 M) led to  powdery P3M T films on P t 
anodes with poor cohesion. T he D.C. conductiv ity  of th e ir films was in  the  range of 1 to  
10 ohm - 1  cm - 1 . Decreasing the m onom er concentration  im proved the  cohesion of the films 
and m arkedly increased the  conductiv ity  o f the  P3M T  films (up  to  450 o h m - 1 cm _ 1  for 
[3MT]—0.1 M) [37]. In con trast to  R oncali’s conclusion, O tero  et al. observed an increase 
of conductiv ity  w ith increased-m onom er concentration . T he key to  control of conductivity  
of P T  films was the thickness of the polym er layer. T he grow th  of the  P T  film initially 
resulted  in an  increase in its conductiv ity . However, as film thickness increased beyond a 
certain  ex ten t, th e  film ’s conductiv ity  began to  drop due to  a  decrease of ionic conductivity  
and chemical ac tiv ity  of the P T  film [38].
In a  s tudy  of galvanostatic (constan t cu rren t) polym erization, Ito  et al. found th a t  a 
change of curren t density  changed the direction of fiber alignm ent of P T  films. As applied 
current density  was increased from  0.7 to  5.0 m A /cm 2, th e  conductiv ity  of the film (along the 
film surface) first increased and th en  decreased w ith a  m axim um  value (40.2 ohm - 1 cm - 1 ) 
a t 3.0 m A /cm 2 [39].
Z otti et al. investigated  P T  film form ation by CV and developed relationships between
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net irreversible charge density  and the  num ber of cycles as well as scan ra te . They found 
th a t  P M T  deposition was m ass transfer lim ited  at their polym erization condition [40],
By em ploying th iophene and 3-m ethylth iophene oligomers w ith different unit sizes 
as the ‘m onom ers’, Laguren-D avidson et al. showed th a t the degree of polym er porosity 
increased, and the  physical s tab ility  decreased w ith increase o f the  ‘m onom er’ size [42].
K aneto  et al. reported  the  effect of electrolyte com position on the  properties of PT  
films. By com paring electric conductivity  and open-circuit po ten tia l of the  films formed in 
several electrolytes, the LiBFij-CeHsCN com bination was singled ou t as the  best choice of 
n itrile-based electrolytes [43].
Polym erization tem p era tu re  also affects the properties of conductive polym er films. 
H o tta  et al. p repared P3M T  film containing CIO 4  groups on an ind ium -tin  oxide surface 
galvanostatically . A t a  lower tem p era tu re  (S0*?), denser and tougher films were ob tained , 
while films prepared a t 25°C were bulky and b rittle  [41]. O tero  et al. stud ied  P T  films 
generated  betw een - 1 2  and  60°(7 by the  CV m ethod. It was observed th a t  bo th  the  polym er­
ization curren t efficiency and the charge-storage efficiency increased when the  tem peratu re  
was decreased. This could be a ttr ib u ted  to  the increase of m obility of the  m onom er ion 
radicals in the  diffusion layer. A faster polym erization process could be achieved w ith the 
tem p era tu re  increase from  0 to  20°C. However, A t 40°C, the  film was not conducting [44,45].
2.2.2 Structure, conductivity and charge transport
B aughm an et al. com pared th e  electric conductiv ity  of various kinds of conductive polymers. 
It was found th a t when tw o carbon atom s share the su b stitu en t (e.g., N for pyrrole and 
S for thiophene) which bridges the polyene backbone of the  polym er, higher conducting 
complexes appear. Polyacetylene is the  only exception. It possesses higher conductivity  
w ithout a bridged polyene s tru c tu re  [3].
Scanning Tunneling M icroscopy (STM ) images of electrochem ically deposited P T  and 
P3M T films were investigated  by Caple et al. T he STM  im ages of P3M T  were quite
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different from those of P T . A highly s tru c tu red  zigzag p a tte rn  was observed for P3M T  w ith 
approxim ately  a  90° kink every 100-110 A (abou t every 30 th iophene units) [46].
Yang et al. reported  SEM results for P T  films. It was shown th a t m icroislands were 
formed during the in itial grow th. T he m icroislands were com posed of m any discernible poly­
m er strands, appeared sem icrystalline, and were often in terconnected  by m ultiple polym er 
strands. T he polym er stran d s were helices with 10-11 individual thiophene molecules per 
coil. T he counter ion affected the  s tru c tu re  of the helices due to  its insertion into the  coil. 
T he s tru c tu re  of the  conductive polym ers gradually  changed from an ordered crystalline 
array  a t the surface to  an am orphous m aterials in the bulk depending on polym erization 
conditions [47].
Gostafsson and his coworkers studied the s tru c tu re  of poly(3-octylth iophene) (P 3 0 T )  
which was stretched a t 100°C. From  X -ray diffraction, the degree of crystallin ity  was evalu­
ated  as 0.23. A layered s tru c tu re  was also seen. T he m ain chains were stacked on top  of each 
o ther forming parallel planes separated  by alkyl side-chains. T he layer spacing depended 
on the length of the alkyl groups [48].
Using Fourier T ransform  Infrared Spectroscopy (F T IS ), N eugebauer et al. observed 
th a t electrochem ically prepared P3M T (undoped) had  a s tru c tu re  corresponding to  an a ~ a '  
coupling of the thiophene un its. The infrared spectrum  also dem onstrated  the difference 
betw een undoped (n eu tra l s ta te ) and doped (oxidized s ta te ) P3M T  films [49].
Tourillon et al. [50] and W altm an et al. [51] separately studied the  effect of /3 sub­
s titu ted  groups on properties of polythiophenes. They conclude th a t  when bulky groups 
were su b stitu ted  on the j3 carbon atom s in the  thiophene un it, steric hinderance increased 
quickly as the  size of su b stitu ted  group increased. T his m ade polym eric oxidation more 
difficult due to  the loss of p lanary  conjugation of polym er chains. W ith  /? su b stitu tio n  of 
a -CH 3  group, the polym er becam e more easily oxidized, and the  -CH 3  su bstituen t seemed 
to  assist chain conjugation. T he characteristic of long conjugated polym eric chains of P T  
and P3M T was confirmed by visible spectroscopic data .
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W hile evaluating m aterials for rechargeable batteries, Panero  et al. found th a t am ong 
P T , P3M T  and polydithiophene, P3M T was the m ost suitable m aterial to  be use as cathode 
in the batteries  owing to  its higher capacity  and b e tte r  rechargeability [52].
N agatom o et al. reported  the conductivity  of P3M T film, synthesized by electro* 
chemical polym erization at 25°C, reached abou t 100 ohm _ 1 cm _ 1  with LiBF 4 and abou t 
200 oh m _ 1 cm _ 1  w ith LiAsF6  in propylene carbonate (P C ) [53], T he conductivity  of P3M T 
th in  films was also studied by Yassar et al.. It was found th a t  an increase of m orphological 
disorder steeply decreased the  film conductivity. W hen the polym er grow th was lim ited to 
a few nanom eters thickness, the film conductivity  was as high as 2 * 103  oh m ” 1 cm “ 1 [54].
Satoh et al. studied the electrical and therm al properties of draw n P T  films. For drawn 
and b rd o p ed  films, the  electric conductiv ity  parallel and perpendicular to  th e  draw  direction 
were 150 ohm “ 1 cm ' 1 and 45 oh m _ Icm _ 1  respectively. This anisotropy was also observed 
in therm al diffusivity. These anisotropies m ay be a ttr ib u ted  to  the oriented stru c tu re  of 
draw n P T  films [55].
Tourillon et al. studied  the effect of dopants on the  properties o f P T  and its derivatives. 
It was claimed th a t the conductivity  of the  polym ers could be im proved by doping with 
various dopan ts in CH 3 CN, T he conductiv ity  was slightly affected by the  type of dopant. 
However, th e  type of dopan t applied had g reater effect on the  conductivity  of P3M T  films. 
C F 3 SO 3 had the  best perform ance, increasing P 3 M T ’s conductivity to  100 o h m ^ c m ’ 1, 
A weak in teraction  betw een th e  anion and the  S atom s occurred when the P3M T film was 
progressively doped during an oxidation process. T he doping led to  a  reduction of the 
7r -  iv* band gap producing an increase in th e  conductivity  of the  polym ers. Poor in terchain  
contacts lim ited the  conductivity  of the  polym ers [56,57].
Reynolds et al. [36] system atically  studied properties of electrochem ically prepared 
P3M T  films. T he oxidation po ten tia l of the  films ranged from 0.35 to  0.55 V /S C E  depend­
ing on both  electro lyte and deposition m ethods (po ten tio sta tic  or galvanostatic). C harge 
tran sp o rt in  P3M T  films followed the  model of a  porous m etallic electrode in which current
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in the voltam m ogram  is trea ted  as double layer charging. W ith cations and anions present 
in the neu tra l polym er film, the  m echanism  of reduction and oxidation of P3M T  film m ay 
be explained as follows
P 3 M T * /A - Redu- ^  P3M T /A  " C * ReQxida—> P3MT " /A "
P 3 M T -/A " Reducti°" P3MT Reotida-^  P 3 M T y A '
This m echanism  is in con trast to  the older concept th a t  interm olecular charge tran sp o rt 
in conductive polym ers involves a faradaic curren t [36].
Bredas et al. reported  the charge d istribu tions in  a repeat unit of P T . In the undoped 
s ta te , the  S atom  showed a  positive charge (0.2711 e) as com pared w ith negative charges 
in the  carbon atom s [58]. Foot et al, [59] and K aneto  et al. [64] m easured the  dopant 
diffusion coefficients in P T  films and found th a t the  diffusion coefficients were in th e  range 
of 1 0 - 1 2  -  1 0 - 1 0  cm 2 / s .
2.2.3 Morphology and mechanical properties
C ontrol of the  m orphology of a  conductive polym er is im p o rtan t from bo th  fundam ental 
and practical view points, and  has been studied  extensively. Touriilon et al. analyzed the 
m orphologies of P T  and P3M T  films doped w ith various anions by scanning and tran s­
mission electron microscopy. They found th a t the  surface of the  th in  film (abou t 103  to 
2 * 103  A thick) was very hom ogeneous for bo th  polym ers, no m a tte r w hat anion was used 
in the  electrolyte. As the  film thickness increased, its surface became more and  more rough, 
eventually  powdery a t thickness of abou t a few m icrom eters. U ndoped P3M T films showed 
fibrils 25 nm  in d iam eter. W ith  perchlorate counter-ions, fibrils were swelled to  80 nm in 
d iam eter [60].
For grow th of P3M T films on p latinum  electrodes, Reynolds et al. defined five gener­
ally distinguishable m orphological features in the  film surfaces; th in  films, nuclei, blisters,
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blankets and nodular deposits. The type of dopan t affected film morphology. In particu la r, 
it was shown th a t  the P 3M T -T B A B F 4  system  generated  a m ore consistent film surface 
w ith a fast electrochem ical response. Lower curren t density  processes yielded sm oother 
films than  higher current density processes. The sm ooth films behaved b e tte r  th an  rough 
films in general [36]. N agatom o et al. observed sim ilar phenom enon in the  variation of 
P3M T film m orphology w ith applied curren t density  [53].
W ith  regard to  m orphology of poly(3-alkylthiophene), G ustafsson et al. pointed  ou t 
th a t  a folded-chain m odel, which described the  crystalline s ta te  of these polym ers, m ay 
not be plausible. T he large 3-substitu ted  group m akes th is m odel unlikely. More suitable 
would be the  fringed micelle model in which the polym er consists of a  continuous am orphous 
region w ith dispersed crystallites. The crystallites m ay undergo o rien ta tion  im posed by a 
stress field [48].
Ito  et al. investigated  the effect of polym erization conditions on m echanical properties 
of P T  films. It was evident th a t  the  m odulus, s treng th  and  deform ability of the  films 
decreased w ith increase of applied curren t density [61]. N evertheless, Satoh et al. found 
th a t  the  increase of applied po ten tia l increased the  elongation (%) of draw n P T  films to  a 
m axim um  of 65% a t abou t 13 V, following a  decrease of the  film elongation as the poten tial 
increased fu rth e r [55].
2.2.4 Stability and degradation
Tourillon and G am ier studied the stab ility  of conducting P T  and derivatives. It was ob ­
served th a t th is group of polym ers were m uch more stable th a n  m ost o ther conductive 
polym ers, such as polyacetylene, polypyrrole (P P ) and so on. A fter 8  m onths storage tim e 
in air, bo th  doped and  undoped P3M T films gave the sam e infrared spectra , indicating  th a t 
the films rem ained undegraded. In addition , P3M T films also exhibited good electrochem ­
ical stability. W hile polypyrrole derivatives degrade after abou t 103 -  104 cycles, P3M T 
rem ained 80% activ ity  after 1 .2 * 105 cycles in CH 3 CN + LiC104  [62,63].
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W hen applying P T  films to  color sw itching cells, K aneto  et al. found th a t a  stable cycle 
life of m ore th an  5* 10s tim es could be achieved in CH 3 CN +  P b f C lO ^  in a po ten tia l scan 
ranged from - 2  V to  2 V. A higher applied voltage (g reater th an  2  V) caused degradation  
of the P T  film [64].
Spectrochem ical studies of P3M T films were conducted by Hoier et al.. The presence of 
isopotential points in cyclic vo ltam m try  (CV ) ind icated  a  fixed region for doping (oxidation) 
and undoping (reduction) P3M T  films w ith a  fixed stoichiom etry. T he isosbestic point in 
absorbance sp ec tra  supported  th is indication. These phenom ena also dem onstrated  the 
high reversibility and stab ility  of the  films [65].
W ang et al. investigated  P3M T -coated glassy carbon electrodes in solutions containing 
phenolic com pounds th a t exhibited  rap id  surface fouling a t conventional electrodes. T he CV 
results showed th a t the  P3M T  modified glassy carbon electrodes were m uch more stable 
th an  unm odified glassy carbon electrodes, because the  m icroporous s tru c tu re  of the film 
resu lted  in  steric h indrance to  the dim erization of th e  phenoxy radicals. T he P3M T film 
was recom m ended to  address electrode fouling problem s [6 6 ].
2.3 Conductive polym ers in aqueous solution
T hree categories in the  study  of conductive polym ers in aqueous solution are reviewed here. 
T he first is the  effect of dopan ts on the  electric conductiv ity  o f the polym ers [50,67,68,69]; 
the  second ‘ion g a te ’ and ‘ion sieving 1 effects of the  polym er th in  films [71,72,73] and the 
th ird  self-doped conductive polym ers [74,75].
Tourillon et al. studied  electrochem ical doping of P T  and P3M T films in aqueous 
solutions w ith th e  supporting  salts: LiC 1 0 4 , K A u(C N )2, K 2 P tC l6 , K 2 IrCle, K 2 R uC l6  and 
K 2 P t(C N ) 4 . It was evident th a t  the  polym ers can be electrochem ically doped to  a  conduc­
tive s ta te  (5 - 10 ohm - 1 cm ~1) as easily as in organic m edia. D uring long doping-undoping 
periods, the polym ers re ta ined  their physico-chem ical and electrical properties [67]. In ­
crease of side groups on th e  backbone reduced the dopant-polym er in teraction  owing to
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steric effects [50].
Sunde et al. observed th a t P3M T  films were very sensitive to  dopant anions in aqueous 
solutions. V oltam m ogram s of the  P3M T film consisted of two anodic peaks, whose positions 
depended on the type of anion. T he behavior of the  first peak corresponded to  doping of 
the  polym er, while the second peak corresponded to polym er degradation. B oth doping 
and  degradation  took place sim ultaneously. O xidation of a  P3M T film by anions, such as 
N O J and CIO4 , was suggested as the doping m echanism  [6 8 ].
Czerwinski et al. investigated  the  conductivity  of po ly(3-substitu ted  Thiophene-2,5- 
diyls) in aqueous solutions w ith dopan ts. It was shown th a t  w ater played an im p o rtan t role 
in the conductiv ity  of the  C u+2-doped polym er. T he conductivity of the polym er changed 
from 10 - 7  to  10 - 1  ohm - 1 cm - 1  when a  dry polym er film was exposed to  w ater [69].
B urgm ayer et al. discovered th a t polypyrrole (P P )  films can work as ‘ion g a te ’ m em ­
branes to  control the  flux of chloride ions m oving from a high concentration to  a  low 
concentration  electrolyte by electrochem ically m anipulating  the oxidized or reduced s ta te  
of the  polym er film. T he oxidized film had a  C l-  perm eability  100 times g reater th an  th a t 
of the  reduced film [71]. S h inohara et al. found th a t  the P P  film was perm eable to  C l-  
and anions w ith com parable d iam eter bu t prevented  larger anions from penetra ting  the 
m atrix  [72]. Zhang et al. observed a sim ilar ‘ion sieving’ effect from P3M T films in aqueous 
solutions. Only anions w ith a radius less th an  0.4 nm  were able to pass through the P3M T 
film [73].
P a til et al. developed self-doped conductive polym ers, such as sodium  salts and acids 
of poly-3-(2-ethanesulfonate)thiophene, where the counterions are covalently bounded to  
the  polym er backbone. Because the  proton is th e  sm allest and most mobile ion, the  acid of 
th e  su b stitu ted  polythiophene led to  relatively rap id  doping kinetics [74,75].
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2.4 Catalysis in conductive polym ers
M etal particles dispersed in conducting  polym er films can function as ca ta lysts for various 
electrode reactions [76,77,78].
Tourillon et al. reported  the inclusion of P t and Ag aggregates into P T  and P3M T 
conductive films by electrodeposition. It was dem onstrated  th a t  the Ag aggregates were 
m ainly located along the  polym er fibers and enhanced the conductivity  of the polym er films 
even in their neu tra l undoped sta te . T he P t  aggregates, which were dispersed uniformly 
on the  polym er surface, showed very high ca ta ly tic  ac tiv ity  for electrochem ical reduction of 
protons. However, P t aggregates d id n ’t enhance polym er conductiv ity  [76].
W hile investigating chemically responsive m icroelectrochem ical devices m ade by p la­
tinized P3M T films, T hacheray  et al. showed th a t P t  particles, deposited on P3M T films, 
depolarized the O 2 /H 2 O and H 2 O /H 2  redox couples. T he P t particles did not change the 
po ten tia l dependence of the  film conductivity. P t also had no effect on the  conductiv ity  of 
the P3M T film. However, the  conductiv ity  of the  P 3 M T /P t device could be varied up to 
5 orders of m agnitude in acid solution by changing the  gas purge from hydrogen to  oxygen 
[77].
Recently, Leone et al. stud ied  the  electrochem ical behavior of polyaniline (PA) and 
polypyrrole (P P ) films containing dispersed Pd particles. T hey found th a t bo th  the  num ­
ber density of P d  particles and their to ta l surface area  depended on the  P d  deposition 
overpotential. Bulk hydrogen evolution took place on Pd-m odified PA films in the  reduced 
(electrochem ically insu lating) s ta te . N evertheless, bulk hydrogen oxidation was only ob­
served after ox idation  of the  film to  its conductive sta te . For oxygen reduction, the higher 
ra te  was due to  th e  sm aller sizes and higher surface area of P d  particles [78].
It was observed th a t electrodes modified by heteropolyacids (H PA ), such as 
H3 P W 1 2 O4 0  and H3 PM 0 1 2 O 4 0 , catalyze oxygen reduction [79,80]. K eita et al. studied the 
electrochem ical im m obilization of HPA in polypyrrole and poly(3-m ethylth iophene) conduc­
tive polym ers and showed th a t  HPA can yield soluble complexes in acetonitrile solutions
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of pyrrole and 3-m ethylth iophene [81,83]. O xidation of th e  complexes produces conductive 
polym ers doped by HPA anions. T he polym erization was possible even in the presence 
of a large am ount of w ater (from the  hydrated  HPA powders) owing to  the form ation of 
complexes betw een HPA and monom ers. P W ^O Jo  and SW ^O ^q doped P3M T films gave 
very sim ilar electrochem ical behavior in acetonitrile with 0.2 M LiC 1 0 4  and 0.5 M HC104. 
Tw o or th ree  oxygen reduction s ta tes  were observed in the  range -1 to  0 V by cyclic voltam - 
m etry (CV ). T hree m onoelectronic reduction-oxidation steps of a  P M o ^ O ^  doped P3M T 
film appeared  in the  po ten tial range of 0.2 to  1 V [83]. It will be seen th a t  for the purpose 
of m etal corrosion control, H3 P M 0 1 2 O4 0  is the only suitable HPA which catalyzes oxygen 
reduction.
M ost recently, S w ath ira jan  et al. electrochem ically dispersed P t-Sn  catalysts on P3M T 
coatings to  m ake a  corrosion-resistant electrode for m ethanol oxidation in a m ethanol-air 
cell. P t-Sn  ca ta lysts deposited in the  hydrogen adsorption po ten tia l region (-0.2 V /S C E ) 
dem onstrated  higher surface area and  m ethanol oxidation activity . T he P t-Sn  cata lysts were 
dispersed on the  in ternal surface of the  polym er coating a t  P t loadings below 60 /zg/cm 2. 
Above th is loading lim it, the partic les began to  grow on the  ex ternal surface of the polym er 
as well [85].
2.5 Electrocoating of metals with conductive polymers
In the  studies reviewed above, the  polym er films were usually electrochem ically coated on 
an inert anode such as p latinum , gold or glassy carbon. T he coatings were coherent and 
adhesive in general. T here were few papers which dealt w ith electrocoating of common 
m etals [82,84,14].
C heung et al. investigated  th e  possibility of electrochem ical coating of different elec­
trodes w ith polypyrrole films containing the  toluenesulphonate counter-ion. D uring CV 
experim ents, black continuous films were formed on P t,  Brass, Fe and  Ti electrodes respec­
tively. T he curren t densities ob tained  on Ti and Fe were lower th an  those ob tained  on P t.
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Table 2.1: B and-gap energies, E9, and equilibrium  po ten tia l, E°, of various m etal oxide 
electrodes (after C heung et al. [82]).
Metal Film (eV )
E"
(V)
Al A ljO , 9.5 A J/A ljO j
- 1 .3 5
Ti T iO , 3.6 T i ,0 j /T i0 2
-0 .5 5 6
Fe F e jO ^ /F e jO j 1.6 F e j O ^ e . O j
2.2 022 1
Pi P tO 1.3 P t/P lO
0.98
B nss C uO - C uO /C u
—0.439
ZnO . Z n O /Z n
- 0 2 6 2
* Equilibrium potential of the corresponding metal oxide electrode 
( irr ju j hydrogen electrode)
Films could not be formed on Al electrodes. T his result suggests th a t an  insulating layer 
was form ed on th e  Al surface before or during the  electropolym erization. Som ew hat th inner 
insu lating  layers m ay also have formed on Ti and Fe although they  d id n ’t m arkedly affect 
the  form ation of P P  films. T he insu lating  layers were though t to  be m etal oxide films, since 
the  polym erization po ten tia l is more positive th an  the  equilibrium  po ten tia ls of the  m etal 
oxide electrodes (See Table 2,1). T he presence of an oxide film on a m etal surface could 
 ^ reduce the  ra te  of electron transfer by eight or nine orders of m agnitude as com pared with
th e  unoxidized m etal. Brass was unusual in th is case; the presence of a  th in  oxide film 
seemed to  be necessary for the form ation of a P P  coating [82].
G alvanosta tic electropolym erization of P P  films from various nonaqueous and aqueous 
electrolytes contain ing different anions on substra tes including P t,  Au, C u, Ti, stainless 
s teel/V 2A  and Fe was studied by Schirmeisen et al.. E lectrodeposition proceeded sm oothly 
in m any aqueous electrolytes when m etals such as P t,  Au, V2A or T i were used as electrodes. 
However when nonpassive m etals, such as copper or iron, were em ployed as substra tes in 
electrolytes w ith pH value below 7, the  m etals dissolved a t the  anodic po ten tia l required 
for polym erization. As a  result, no coating was ob tained . The only exception was a  P P
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IF igure 2.4: Cross-section view of a sandwich A i/A ^ O a /P o ly p y rro le  (after Hulser et al. 
[14]).
coating form ed on Fe from an  aqueous b a th  contain ing K N O 3  and pyrrole [84].
Hulser et al. [14] studied electropolym erization o f pyrrole on alum inium  in tw enty  aque­
ous electrolytes. To ob ta in  hom ogeneous P P  films, p re trea tm en t of the  m etal by polishing 
w ith diam ond spray a t a  ro ta tin g  tex tile  disk followed by galvanostatic activation in 0.1 M 
HNO 3 /O .I M pyrrole was necessary. T he purpose of anodic activation was to  form uniform  
p itted  pores (30/xm in d iam eter) on the  oxide film (AI2 O 3 ) which were then  partia lly  filled 
w ith polym er. Bulk polym erzation on to  the  p re trea ted  su b stra te  took place in aqueous 
electrolytes contain ing 0.1 to  0.8 M oxalic acid and 0.1 to  1  M pyrrole. A cross-section of 
an A I/A I2 O 3 /P P  sam ple is shown in Fig. 2.4.
Deng et al. found th a t P3M T  films did not grow on the  oxide layer (T i0 2 ) of T i. T he 
conductive polym er had  to  be directly contacted  with the  bulk of the  m etal to  m ake an 
adhesive coating  [15].
M cGee et al. deposited platinum -m odified polypyrrole film on polished stainless steel 
(18 /8  C r/N i) and  used the  com posite electrode to  decom pose CCI4 . 0.1 M pyrrole w ith 0.1 M
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KC1 aqueous solution was em ployed to anodically form the conductive polym er coatings [16].
2.6 M etal corrosion control by conductive polymers
Even though m uch work has been done on electrically conductive polym ers, there has been 
little  a tten tio n  to  m etal corrosion control by these new m aterials. This m ay be a ttrib u ted  
to  the  difficulty of form ing adhesive polym er coatings on the  surface of common m etals and 
the  relatively high expense of th is ty p e  of coatings.
DeBerry first addressed corrosion protection of stainless steels w ith electrochem ically 
polym erized polyanilline (PA ) coatings. T ype 410 and 430 stainless steels (410SS and 
430SS) were used as su b s tra te  m etals. The electroactive PA coatings were obtained in a
1,0 M anilline, pH 1.0 perchloric acid solution by cyclic voltam m etry. T he first few scans 
generated  a passive m etal oxide film on the  su b stra te  surface. A dditional scans gradually  
built up a  PA coating on top of the  passive film. Electron transfer betw een the stainless steel 
m etal phase and the  PA coatings was assum ed to  be m ediated  by the  passive film. Adhesion 
of the  PA coatings on th e  em ployed m etals was not discussed in  the  paper. T he effect of PA 
coatings on m etal corrosion behavior was first exam ined in chloride-free solutions. It was 
found th a t p o st-trea tm en t of PA-coated m etal affected the  protectiveness of the coatings. 
Unless the  PA-coated m etal was first cycled in dilute sulfuric acid solution, the coating 
broke down after ab o u t 1 hour in deaerated  0 . 2  M H2 SO4 . W ith  cycling, the  life of the 
PA coating was extended to  17 hours. A post-trea ted  PA coating was stable in 1.0 M 
sulfuric acid solution for 50 days. U ncoated sam ples becam e active and corroded w ithin a 
few m inutes. T he corrosion curren t appeared to  be balanced by oxygen reduction at the PA 
coating. Scratching the  coating had little  effect as should be expected for electrochem ical 
as opposed to  physical p ro tection. In 0.2 M H2 SO4  +  0.2 M NaCl (P H = 8 ), oscillations in 
the  open-circuit po ten tia l around 0.1 V were observed. A pparently, the passive film was 
periodically undergoing localized breakdown in acid chloride solution and was then  being 
healed w ith the  aid of the  coated PA coating. W ith  a  decrease in NaCl concentration, the
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oscillation was reduced or stopped  [9],
T he application  of P3M T  films to  stabilize the  T i /T i 0 2  in terface was proposed by 
Deng et al.. It was proposed th a t the role of electrically conductive polym ers is to  poise 
the  po ten tia l of the  oxide-covered m etal w ithin its passive range. To do so, the  passive 
dissolution curren t of the  m etal m ust be com pensated to  stabilize the  system . Coupling or 
coating the conductive polym er film to  the  passive film will result in an irreversible galvanic 
curren t and in tu rn  discharge the  polym er itself. Polym er discharge m ust therefore be bal­
anced by reduction  of oxygen. Based on th is principle, platinum  partic les were deposited 
on the  P3M T -coated glassy carbon electrode. T he oxygen reduction ra te  in aqueous solu­
tion containing 0.1 M LiCKXi was dram atically  increased by the  cata ly tic  action of the P t 
particles. T he ra te  of oxygen reduction  on the Pt-m odified coating was sufficient to  balance 





Several techniques were used to  evaluate the properties of P3M T  coatings and their effec­
tiveness for passivating m etals:
•  Self-discharge and reversibility test: T he dependence o f open-circuit po ten tia l (E oc) 
on tim e for P3M T-coated  m etals or bare m etals in a  given corrosive m edium  was recorded. 
E oc is a  m easure o f the  charge-sta te  of the polym er. Its stab ility  or ra te  of discharge is a 
m easure of th e  effectiveness of the  coating in controlling the su b stra te  poten tial.
•  Cyclic vo ltam m etry (C V ): In this technique, the po ten tia l of a R.DE was scanned from 
an in itia l po ten tia l to  a  final po ten tia l and then  back to  th e  in itial po ten tia l. T he oxidation- 
curren t and reduction-current were p lo tted  against po ten tia l (or tim e) to  determ ine the 
charge capacity  of P3M T  coatings as well as to  identify and evaluate the  half cell reactions 
of th e  coated  electrode.
•  Polarization diagrams: G alvanostatic polarization diagram s or Tafel plots, are graphs 
of p o ten tia l versus log cu rren t density. An illustra tion  of the Tafel plot is shown in Fig. 3.1. 
B oth  the  corrosion po ten tia l, $COTT (a  m ixed po ten tia l for the  cathodic and anodic reactions 
in a  corrosion process), and  the corrosion cu rren t, ic„ r , can be evaluated from the  diagram . 
Tafel plots can also be used to  m easure the  transpassive curren t. P o ten tio sta tic  polarization 
diagram s (cu rren t density  changes w ith po ten tia l) can be used to  investigate th e  passivation 
behavior of m etals (see Fig. 3.1).
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Figure 3.1: In troductive Tafel plot (after Uhlig [12]).
•  Galvanic corrosion tests: A bare m etal RD E (working electrode) is coupled w ith a 
P3M T -coated RD E (reference working electrode) in aqueous solution. T he galvanic current 
betw een these two electrodes is recorded, indicating  an in teraction  of the  P3M T coating 
w ith the  exposed m etal surface. T he self-discharge and self-recharge curves of the  galvanic 
couple can also be p lo tted .
•  G ravim etric m easurem ent: M etal sam ples are weighed before and after corrosion 
testing  to  determ ine the am ount of m ateria l lost.
•  Electrochemical Impedance Spectroscopy (EIS): EIS has found a  num ber of applica­
tions in the field of corrosion and pro tection [17]. EIS techniques use very small signals 
which do not d istu rb  the  electrode properties during m easurem ent [18,19,20]. In EIS an 
electronic m odel can be used to  represent an electrochem ical cell. T he electrode/electro ly te 
interface which undergoes an electrochem ical reaction is m odeled as an  electronic circuit 
consisting of a  com bination of resistors and capacitors whose m agnitudes can be related  to  
specific electrochem ical processes such as discharge and double-layer charging. The to ta l
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im pedance (Z) and the  phase shift [9) for each applied frequency can be obtained from 
the p o ten tia l and curren t data . T he dependence of those variables on frequency is used to  
ob ta in  electrochem ical inform ation. In this study, Bode plots have been used to  evaluate 
the stab ility  of P3M T coatings on titan iu m  in acid solutions.
3.2 Apparatus and M aterials
3.2.1 Potentiostat/G alvanostat system
A model 273 P o te n tio s ta t/G a lv an o sta t controlled by a com puter (IBM System  2 Model 
30) w ith M odel 342 Corrosion M easurem ent Software and Head S ta rt E lectrochem istry 
Software installed  was used for galvanosta tic  polym erization; polarization; cyclic voltam - 
m etry; p o ten tio sta t and galvanic corrosion m easurem ents. Unless otherw ise m entioned, all 
equipm ent was ob tained  from EG& G Princeton  A pplied Research Co. (EG & G  PA R C) (see 
Fig. 3.2).
For som e experim ents, a m odel 362 Scanning P o ten tio sta t was used w ith a  M odel RE 
0092 X-Y R ecorder and a  M odel VD41 S trip C h art Recorder (K ipp & Zonen). T he X-Y 
R ecorder was only used for redox capacity  m easurem ents. T he S trip C h art Recorder was 
em ployed for p lo tting  self-discharge and reversibility tes t curves of a  ro ta tin g  disk electrode 
(R D E).
A Model 5210 Lock-in Am plifier, com bined w ith the  M odel 273 P o ten tio s ta t, was used 
for AC im pedance m easurem ents. T he experim ent was controlled and analyzed by com puter 
w ith a  PA RC M odel 378 E lectrochem ical Im pedance Software.
3.2.2 Electrolysis cell for rotating disk electrodes
An electrolysis cell (Fig. 3.3), consisting of a  M odel 616 RD E cell (50 m l), a  RDE, a  reference 
electrode, a  counter electrode and  a  gas-purge tu b e , was assem bled for this study. The 
ro ta tio n  ra te  of the  R D E can be controlled up to  670 ra d /s  (6400 rpm ). For galvanostatic 
polym erization of 3-m ethylthiophene (3M T ) on R D Es, bo th  reference and counter electrodes
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Figure 3.2: C orrosion research  ap p a ra tu s  in  th is lab o ra to ry , w: working electrode, c: 
coun ter e lectrode, r: reference electrode
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Figure 3.3: RD E electrolysis cell system .
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Figure 3.4: A typical corrosion cell.
were copper wires (1 m m  in d iam eter). N itrogen was purged in to  the  m onom er solution to  
remove dissolved oxygen.
3.2.3 Corrosion cell for rotating disk electrodes
A Model K47 Corrosion Cell System  ( 1  L) is shown in Fig. 3.4. An A g/A gC l reference 
electrode and tw o glassy carbon counter electrodes were used in  this system . A gas-purge 
tu b e  supplied air, n itrogen or oxygen. T he M odel 616 RD E controller was em ployed to  hold
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a RD E in the  solution and control its ro ta tion  ra te . A system  for corrosion tests a t elevated 
tem peratu re  is shown in Fig. 3.2 and will be described in detail in C hap ter 7.
3.2.4 Rotating disk electrodes (RDEs)
The P t RD E was m ade by EG& G PARC. T he R D E is im bedded in a  teflon sleeve and 
a ttached  by a ceram ic screw-cap holder (Fig. 3.3). T he d iam eter of the  RDE is 0.40 cm 
and th e  active area is 0.126 cm 2.
Stainless Steel (430SS), G rade-2 T itan ium  (T iG r2) and C arbon Steel (C1010) RDEs 
were m ade by M etal Sam ples Co.. These replable RD Es were im bedded in to  a teflon sleeve 
(EG & G  RDE001). An ad ap to r (EG & G  RDE001) is em ployed to  m ount the sleeve and 
RDE on to  the  M odel 616 RD E controller. T he diam eter of the m etal R D Es is 1.128 cm and 
the active area  is 1.0 cm2. T he chem ical and physical p roperties of the  R D Es are listed in 
Appendix I.
3.2.5 Chemical reagents
The chemicals used in this study  were 3-m ethylth iophene (3M T) (99+% , A ldrich); Tetra- 
bu tylam m onium  te tra fluo roborate  (T B A T F B ) (99% , Aldrich); P ropylene ca rbonate  (99+% , 
Aldrich); Sulfuric acid (95.6% ,'B aker); S tan d ard  sulfuric acid solution ( I N ,  Baker); N itric 
acid (71.09%, F isher); o-Phosphoric acid (85%, Fisher); H ydrochloric acid (36.5% - 38.1%, 
Fisher); P o tassium  hydroxide ( 8 6 .8 %, Baker) and Sodium  chloride (99.96%, V W R).
3.3 Procedures
3.3.1 Preparation of solutions
A solution of 1.0 M 3M T in propylene carbonate was prepared for polym erization of P3M T 
coatings on p re trea ted  RDEs. 0.1 M TB A T FB  was added to  the  solution as supporting  
electrolyte.
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T he tes t of P3M T -coated  RDEs were conducted in various aqueous solutions sum m a­
rized in Table 3.1. 1 N stan d ard  sulfuric acid solution was used as received. The nitric, 
hydrochloric and o ther sulfuric acid solutions were prepared from the  received concentrated  
solutions. The KOH and NaCl solutions were prepared from reagent grade powder. D istilled 
w ater was used to  prepare all aqueous solutions.
3.3.2 Electrode preparation
Electrode p re trea tm en t played an im p o rtan t role in the  perform ance of P3M T coatings. On 
p latinum , it was found th a t  if the electrode was not well cleaned, the  P3M T coatings would 
have poor adhesion. T he P t RD Es were cleaned by scanning the  po ten tia l from -1.0 V to
1.0 V a t a ra te  of 50 m V /s  in 1 N KOH aqueous solution for one hour. T he disks were then  
rinsed for fifteen m inutes in distilled w ater and for fifteen m inutes in propylene carbonate  
before electropolym erization.
It was evident th a t  P3M T coatings did not adhere to  clean, m echanically polished 
430SS, T iG r2 and  C1010 RDEs. To firmly bond P3M T onto  these m etals, the su b stra te  
had to  be p re trea ted  in certain  ways. To my knowledge, a  successful m ethod for p re treating  
these m etals has no t been reported  before. In this study, a  few m ethods have been developed 
to  m ake these m etals acceptable for P3M T  coatings.
Fresh 430SS R D Es were first cleaned in a  hot concentrated  KOH solution and  then 
rinsed w ith distilled w ater. T he RDEs were then  anodized a t a po ten tia l of 2.0 V vs. 
A g/A gC l for 33 m in in 10% phosphoric acid solution. T he phosphated 430SS (Ph430SS) 
R D E had a  uniform  m icroporous surface.
T iG r2 RDEs were first polished with 400 grit sandpaper and then  degreased in boiling 
hexane for two m inutes. They were then  galvanostatically  anodized a t 10 m A /cm 2  and 
0.52 ra d /s  (5 rpm ) for 40 s in  0.5 M 3M T /0.1 M TB A TFB  containing 0.1 g /m l of zinc 
chloride (Z n C ^). T he purpose of adding ZnClj was to  form pits in the titan iu m  surface 
during electropolym erization of a th in  P3M T  strike layer. T he p its provided a grip for the
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C 1 0 1 0
1 N H2 S 0 4 Yes Yes Yes Yes
4 N H2 S 0 4 Yes
Cone. H 2 SO4 Yes Yes
1 N HC1 Yes Yes
4 N HC1 Yes Yes
1  N HNO 3 Yes Yes Yes
70% HNO 3 Yes Yes
1 0 % H3 P O 4 Yes
2 N KOH Yes Yes
S atur. KOH Yes Yes
0.01 N NaCl Yes
0.10 N NaCl Yes
0.25 N NaCl Yes
1.00 N NaCl Yes Yes
1 N H2 S 0 4 +  1 N NaCl Yes Yes
1 0 % H3 P O 4 +  1 N NaCl Yes Yes
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P3M T  strike.
C1010 RDEs were first polished and degreased in the sam e m anner as T iG r2 RDEs. 
To deposit an adhesive P3M T th in  film on the surface of a  C1010 RDE, 0.1 M 3M T /0.1  M 
TB A TFB  propylene carbonate solution containing 0.1 g /m l ZnCl2 was used. The polym er­
ization condition was 500 m A /cm 2 and 0.52 ra d /s  (5 rpm ) for 20 s.
To investigate the in teraction  between TiC>2 oxide film and P3M T coatings through 
galvanic coupling, a T i02  thick film was formed on the surface of the  T iG r2 RDE. To do 
this, the  electrode was im m ersed in  1 N sulfuric acid solution and scanned from 0.0 V to
3.0 V a t a ra te  of 1 m V /s [8]. This trea tm en t produced a  bright and sm ooth surface.
3.3.3 Operation of the electrolysis cell
P3M T  coatings were formed by galvanostatic polym erization in 1.0 M 3M T /0 .1  M TB A TFB  
propylene carbonate solution under a  nitrogen purge on the p re trea ted  electrodes. Applied 
deposition current densities (r j)  ranged from 8.0 to  103 m A /cm 2. T he ro ta tion  ra te , fl, of 
th e  RDEs was varied between 2.6 and 670 ra d /s  (25 to  6400 rpm ).
P3M T  films were deposited to  various thickness on the P t RD E. Deposit charge density 
varied betw een 0.1 and 2.4 C /c m 2. 3M T electropolym erization on Ph430SS, T iG r2  and 
C1010 was carried out to  a  co n stan t charge density  of 1.5 C /c m 2.
T he P3M T-coated electrodes were rinsed in  propylene carbonate  for 15-30 min (de­
pending on the  coating thickness) to  remove residual m onom er, then  rinsed in distilled w ater 
for ano ther 15-30 min to  remove the  propylene carbonate . T he cleaned com posite RDEs 
were then  transferred  to  an  aqueous solution in a  corrosion cell to  test their perform ance.
3.3.4 Operation of the corrosion cell
Unless otherw ise m entioned, all electrodes were ro ta ted  a t a ra te  of 105 ra d /s  (1000 rpm ) 
in the test solutions a t room  tem p era tu re  (ab o u t 22°C). Tafel plots (or polarization curves) 
were obtained at a  scan ra te  of 0.2 m V /s in various aqueous solutions w ith or w ithout gas
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purge. Cyclic voltam m etry  (CV ) was conducted in a given po ten tia l range a t a scan ra te  
of 20 m V /s in aqueous solutions.
To record a self-discharge (or reversibility test) curve, a sam ple was first held a t an 
in itial po ten tia l for a  period of tim e before the  circuit was opened.
In the  galvanic corrosion test, a m etal RDE (working electrode) and a P3M T-coated 
RD E (reference working electrode) were placed in electrical contact through an insulated 
copper wire a ttach ed  to  the  ex ternal leads. The working electrode was ro ta tin g  a t 105 ra d /s  
while the reference working electrode was kept s tationary . B oth self-discharge and reversibil­
ity  tes t curves of the  working electrode were recorded. Galvanic current between the coupled 
electrodes was m easured som etimes.
To evaluate the degree of P3M T  coating degradation  in strong acid and base solutions, 
a  coated Ph430SS electrode was im m ersed in a  corrosive m edium  for 2 hours a t a  ro ta tion  
ra te  of 10.5 ra d /s . T hen  50% of the  P3M T  coating was cut off from the  su b stra te  (Ph430SS) 
to  partia lly  expose th e  m etal and m ake a galvanic sam ple. T he self-discharge curve of the 
sam ple was p lo tted  in 1 N a ir-sa tu ra ted  sulfuric acid solution.
Electrochem ical Im pedance Spectroscopy (EIS) was used to  evaluate th e  stab ility  of 
P3M T  coatings on T iG r2 in 1 N sulfuric acid solution. Bode plots were ob tained  over a 
frequency range betw een 10-3  to  105 hz.
3.3.5 Coulometry
For the  qu an tita tiv e  m easurem ent of the film redox capacity, Cp , of P3M T coatings, the  films 
were first polym erized on the P t  RDE a t different deposition conditions. T he coating was 
then  im m ersed in 0.1 M TB A TFB  propylene carbonate solution w ithout m onom er. A cyclic 
voltam m ogram  a t a  scan ra te  of 100 m V /s was recorded. A com pensating Polar P lan im eter 
(Keuffel & Esser Co.) was used to  in tegra te  the cathodic peak of the voltam m ogram . The 
curren t charge due to  double-layer charging was neglected at this low scan ra te . T he Polar 
P lan im eter has a  fixed tracer arm  and it reads directly in square centim eters to  ten th s ,
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th a t  is 1 vernier un it =  0.1 cm 2. Every curren t peak was m easured th ree tim es, an  average 
vernier num ber (AVN) as well as an average peak area were obtained by the m easurem ent. 
T he charge passed due to  reduction of a  P3M T coating can be calculated by,
cr = ^ - ( 3.3 . 1)
where A c is the m easured cathodic peak area, A w the whole graph area and Ct the  charge 
corresponding to  the whole graph area, which can be calculated based on the values of scan 
ra te  and curren t range.
For the  kinetic study of coating discharge, th e  charge capacity, Ca , of P3M T  coatings 
was m easured against po ten tia l in 1 N a ir-sa tu ra ted  sulfuric acid solution at a  scan ra te  of 
5 m V /s. The Polar P lan im eter was also used for this purpose.
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Chapter 4
Effect o f  D ep osition  C onditions on  
C oating P rop erties
A stab le and adh eran t P3M T  coating is a  prim ary  criterion for corrosion pro tection of the 
su b stra te  m etal. Based on previous investigations [36,37,38,39,40,43,41], polym erization 
conditions have a substan tia l effect on the  properties of conductive polym ers. However, we 
are not aw are o f any studies of electrochem ically deposited coatings in which deposition 
ra te  and tran sp o rt conditions were varied independently.
In th is  study, electropolym erization and deposition were conducted galvanostatically. 
T he effects of various param eters, such as deposition curren t density  (f j) ,  ro ta tio n  ra te  (fi) 
of the  RD E and deposition tim e ( t j ) ,  on coating properties were studied system atically. 
P la tinum  (P t)  R D Es were prim arily  used for th is purpose owing to  their inert natu re . The 
deposit charge density  (i<j * td) was fixed a t 0.48 C /c m 2 for coatings on P t and 1.50 C /c m 2 
for coatings on o ther RD Es when the  effect of either i4 or fl was investigated,
4.1 Coating morphology
P3M T  coatings prepared electrochem ically on P t were apparen tly  sm ooth and uniform  and 
were deep blue or black for all conditions tested .
On Ph430SS, the uniform ity of th e  dull black coatings depended on deposition con­
ditions. A t a  fixed deposit charge density, increase of ro ta tio n  ra te  (0 ) increased the 
uniform ity of the  coatings in the  case of low (10.5 m A /cm 2). However, a t a  high id
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(210 m A /cm 2), higher ro ta tion  rates produced non-uniform  coatings, w ith  a sp ira l-pa tte rn  
of stria tions and incom plete coverage. W hen the  ro ta tion  ra te  was fu rther increased beyond 
105 ra d /s  (1000 rpm ), th e  coating becam e uniform  again. T he reason for this phenom enon 
is unknow n. A t constan t ro ta tion  ra te  and deposition charge, higher deposition current 
density  ( i j )  produced a th icker coating. A sim ilar effect of deposition conditions on coating 
m orphology was observed for P3M T  coatings on T iG r2 and C1010, Effect of ro ta tion  ra te  
on coating m orphology is illustra ted  in Fig. 4.1. A low ro tation  ra te  gives a  high concen­
tra tio n  of radical cations (e.g., R +) on the electrode surface. This results in m ore com plete 
occupation of nucleation sites and  finally generates a thick coating w ith small hem ispheres. 
On the  o th e r hand , a  high ro ta tion  ra te  convects radical cations away from  the m etal surface 
and generates a  th in  coating w ith bigger hem ispheres.
4.2 Exchange current density
T he effect of deposition conditions on th e  exchange current density, i'o, of P3M T -coated P t 
RDF.s was exam ined. T he exchange curren t density  is defined on the basis of th e  superficial 
a rea  of the  electrode (0.13 cm 2). T he exchange curren t represents steady reduction  of some 
species in solution, probably  O 2 , excluding any transien t processes, such as in tercalation  or 
film reduction , to values for P3M T  coatings in different aqueous m edia were m easured by 
Tafel plots. T he results are shown in Table 4.1. It was evident th a t the  exchange current 
density in sulfuric acid solutions depends strongly on the  concentration  of O 2 in  solution. 
It is likely th a t  oxygen reduction is the  principal reduction process under these conditions. 
Low t 0  values in NaOH solutions are a ttr ib u ted  to  deactivation of the  polym er at high pH 
(refer to  C h ap te r 6 ).
To te s t the  reversibility of oxygen reduction by P3M T coatings, a  P3M T -coated P t 
R D E, a scratched P3M T -coated P t R D E and a  clean P t RDE were each im m ersed in 1 N 
sulfuric acid solution a t a ro ta tion  ra te  of 105 ra d /s . T he solution was purged a lternately  
w ith nitrogen and oxygen. T he open-circuit poten tials ( E oc) vs. tim e are p lo tted  in Fig 4.2.
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F igure  4.1: SE M  m icrographs of P 3M T  coatings on  C1010. F ilm  deposition  conditions 
Top ; 200 m A /c m 2, 1.57 ra d /s .  Bottom :  200 m A /cm 2, 105 ra d /s .
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Table 4.1: io of P3MT coatings in aqueous solutions (/xA). Deposition condition:
ij= 1 5 9  m A /cm 2, 0 = 2 .6 2  ra d /s .
Solution o 2 Air n 2
1 N H 2 S 0 4 8.60 5.73 0 . 1 2
4 N H 2 S 0 4 9.4 0.24
0.1 N NaOH 0.955 0.637
1 N NaOH 1.67 1.27
T he P3M T -coated P t showed no response to  oxygen, while the  electrodes w ith exposed 
platinum  did. T he larger the  exposed P t area, the g reater the response was to  oxygen. 
T he P3M T  coatings were no t reversible oxygen electrodes. However, the d a ta  in Table 4.1 
suggest th a t  the oxygen reduction  is the principal s teady-sta te  reaction when the  po ten tial 
is sh ifted  negative of E oc.
Consecutive m easurem ents of io were conducted on a P3M T-coated P t RD E w ith a 
ro ta tio n  ra te  of 105 ra d /s  in 1 N a ir-sa tu ra ted  sulfuric acid solution within th ir ty  hours. T he 
io value decreased abou t 0.7 ^ A /c m 2 after tw o hours and then  rem ained alm ost co n stan t for 
the  rest of th e  tim e period. T his indicates th a t  the  coating was stab le  and did not become 
deactivated  in th ir ty  hours.
For P3M T -coated P t R D Es, the  exchange current in 1 N a ir-sa tu ra ted  sulfuric acid 
solution varied w ith coating deposition conditions. At the  given deposit charge density, the 
effect of deposition conditions on i 0 is shown in Fig. 4.3. io increased with decreasing fi 
and increased up to  a lim iting value w ith increasing i j .  B oth results are consistent with 
the  view th a t  coating thickness increases with increasing current density  and decreases with 
increasing ro ta tion  ra te .
A plot of to vs. deposition tim e ( t j )  a t constan t i j  and fl is shown in Fig. 4.4. T he 
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Figure 4.2: Effect of purge gas on open circuit po ten tials of P3M T coating and scratched 
P3M T  coating on P t RDE as well as P t RDE itself in 1 N sulfuric acid solution.
fu rther increase of deposition tim e. It is possible th a t the  diffusion of gas molecules inside 
the  thicker P3M T coatings m ay restric t the exchange curren t of the com posite RDEs.
4.3 Redox capacity o f P3M T coatings
The redox capacity, Cp , in propylene carbonate is a m easure of the coating thickness and 
reversibility [54]. It was m easured by in tegration  of th e  cathodic charging curren t [54] in 
cyclic voltam m etry  (CV ) from -1.0 V to  +1.75 V. The cathodic peak charging cu rren t, ipi 
was a  linear function of scan ra te  up to  100 raV /s. A scan ra te  of 100 m V /s was used based 
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Figure 4.3: Exchange curren t density, i0, of P3M T -coated P t RDE. Top: versus f t - 1 / 2 at 
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Figure 4.4: Effect of the deposition tim e during 3M T polym erization on iq. 2^=80 m A /cm 2 
and fl= 10 .5  ra d /s  on P t RDE.
below 100 m V /s ( th e  linear range).
T he effect of deposition conditions on the  redox capacity  (or the  thickness) is illustra ted  
in  Fig. 4.5. I t is evident th a t  an increase of ro ta tio n  ra te , fl, or decrease of fI-1 / 2, decreases 
the Cp. As deposition curren t density, id, was increased, the effect of the  ro ta tio n  ra te  (fl) 
on Cp becam e weaker. Cp increased up to a  m axim um  value w ith increasing id- A decrease 
o f Cp was observed w ith increasing id beyond 500 m A /cm 2. It could be th a t a t very high 
interfacial concentrations some step  o ther th an  m ass-transfer lim ited the  ra te  of deposition. 
A t fixed id and 0 ,  Cp is proportional to  deposition tim e (see Fig. 4.6).
Based on the  correlation betw een charge capacity  and film thickness [8 ], P3M T coating 
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Figure 4.5: Redox capacity  of P3M T  coatings on P t RDE in propylene carbonate. Top: 
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Figure 4.6: Redox capacity  of P3M T coatings on P t RDEs varied w ith deposition tim e 
during  3M T polym erization. ij= 8 0  m A /cm 2, Q —10.5 ra d /s .
redox capacity  were produced a t higher deposition curren t density  and lower ro ta tion  rate. 
This dependence is probably  due to  the resulting  higher concentration of free radicals a t 
th e  electrode-solution interface during deposition. U nder these conditions, m ore oxidized 
m onom ers are deposited and less are convected away from the substra te .
4.4 Self-discharge o f P3M T coatings
Drift of the open circuit po ten tia l, E ^  of an  oxidized electroactive polym er coating tow ard  a 
negative value in aqueous solution indicates discharge of the  coating by a  chemical process 
[8 ]. T he self-discharge curve (i.e., an  open circuit po ten tia l, E oc, vs. tim e curve of an
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Figure 4.7: Self-discharge curves o f P3M T coatings on P t  RDEs in 1 N air-sa tu ra ted  sulfuric 
acid solution.
oxidized coating) is a m easure of the  kinetics of this charge capacity  decay. In this study, 
self-discharge behaviors of oxidized P3M T  coatings on bo th  P t and Ph430SS RDEs were 
investigated  in 1 N sulfuric acid solution as they depend on coating prepara tion  conditions. 
All of the  self-discharge d a ta  were obtained a t a constan t ro ta tion  of 105 ra d /s .
To exam ine the self-discharge behavior, P3M T coatings were first deposited on to  P t 
RDEs (deposit charge: 0.48 C /cm 2) and then im m ersed in 1 N air-sa tu rated  sulfuric acid 
solution. T he RD Es were then  held at a  positive po ten tia l (0.8 V). A fter two m inutes, 
the  circuit was opened and  the self-discharge curves were recorded for 50 m in. T he self- 
discharge curves of P3M T  coatings prepared a t different deposition conditions on P t RDEs 
are shown in Fig. 4.7. C oating deposition conditions had little  effect when P t substrates
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were used.
C harge capacity  (Ca ) vs. po ten tia l curves of the  coatings were obtained in 1 N air- 
sa tu ra ted  sulfuric acid solution in a po ten tia l range betw een 0.0 V and 0.8 V. A P3M T- 
coated P t RDE was first im m ersed in the  solution. Cyclic voltam m ogram s were then  
recorded betw een 0.0 V and a  vertex  po ten tia l (less th an  or equal to  0.8 V) a t a scan 
ra te  of 5 m V /s. T he charging peaks in the  voltam m ogram s were then in tegrated  to  ob tain  
the charge capacities corresponding to  the different vertex  poten tials. The vertex po ten tial 
of the  vo ltam etric sweep is the po ten tia l ind icated  in the capacity-poten tial curves.
T he charge capacity  (Ca) vs. po ten tia l (E ) curves of P3M T coatings prepared at 
several deposition conditions are shown in Fig. 4.8. Increase of Q decreases the charge 
capacity  (C Q) of the  coating, w ith the  exception of the  points a t 168 ra d /s . Ca increases 
w ith increasing i j .
T he d a ta  from the  self-discharge curves can be displayed in plots of 1 j C a vs. tim e 
(see Fig. 4.9). If the  assum ption  o f a  second-order decay process is m ade [8 ], each curve of 
1 / C a vs. tim e shows a  dynam ic tran sitio n  from a  higher decay coefficient, k l ,  to  a  lower 
decay coefficient, k2. B oth  k l  and k2 are p lo tted  against D and id in Fig. 4.10. It can 
be seen th a t  w ith increasing id, k l  decreases. k2 is small in all cases. A higher current 
density (id) produces a  coating w ith  a  lower in itia l charge-capacity  decay ra te . One expects 
th a t  k l  should also decrease w ith decreasing fl (or increasing f i-1 / 2), although the d a ta  do 
not perm it a definite conclusion (see Fig. 4.10). B oth conditions correspond to  a thicker 
coating.
To test the charge capacity  decay of a  P3M T coating w ith po ten tia l cycles in solution, a 
P3M T -coated P t R D E was im m ersed in the acid solution and repeatedly  scanned between 
0.0 V and 0.8 V a t a  scan ra te  of 100 m V /s. T he corresponding charge capacities were 
m easured every few cycles. A plot of 1 /C a vs. num ber of cycles is given in Fig. 4.11. A 
linear correlation between 1 j C a and num ber of cycles was obtained w ithin 27 CV cycles. 
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Figure 4.8: C harge capacity  of P3M T  coatings on P t RDEs versus poten tial. Top: as a 
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Figure 4.9: Inverse of the  charge capacity  of P 3M T  coatings versus tim e. Top: as a  function 
















0 11 ■ ■ 1 M "  "  I "  1 1 I 1 "  ’ I "  "  [■■■■TT|-.-rnr|'
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7


















1 0 0  2 0 0  3 0 0  4 0 0  5 0 00
id (m A /sq .cm )
Figure 4.10: In itia l and  final charge decay coefficients for a second-order decay m echanism . 
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Figure 4.11: Inverse of the charge capacity of a P3M T  coating versus num ber o f po ten tial 
cycles in 1 N a ir-sa tu ra ted  sulfuric acid solution. Deposition condition: i j= 8 0  m A /cm 2, 
fi= 2 .62  ra d /s .
The steady  open-circuit po ten tia l of. a  P3M T -coated  Ph430SS RDE (deposit charge: 
1.58 C /c m 2) in 1  N a ir-sa tu ra ted  sulfuric acid solution was obtained  by holding the sam ple 
in the  solution for 5 h until the  open-circuit p o ten tia l approached a  steady value E oc(st). 
The dependence of E ^ f s t )  on coating prepara tion  conditions is shown in Fig. 4.12. At 
constan t i j ,  D has little  effect on jE0C(st). Increase of Cl, or decrease of f i -1 / 2, slightly 
decreases E oc(st). On the  o ther hand, i j  has a substan tia l effect on subsequent open-circuit 
behavior. W ith  increasing id, E oc(st) first decreased and then  becam e constan t around a 
value of +0.35 mV. In every case, it  is w ithin the passive p o ten tia l range o f our steel sam ples 
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Figure 4.12: £ oc(st) o f P3M T coating on Ph430SS. Top: versus f i - 1 / 2 a t 1^=105 m A /cm 2, 
Bottom : versus 14 a t fi= 2 .62  ra d /s  in 1 N air-sa tu ra ted  sulfuric acid solution.
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4.5 Summary
W ith  a  fixed deposit charge density  (0.48 C /cm 2) on P t R D Es, increase in deposition current 
density (id) or decrease in ro tation  ra te  of the  electrode ( 0 ) resulted in:
t  increase in the apparen t exchange current density ( i0) for oxygen reduction on the 
coating.
§ increase in the  redox capacity  density  (Cp), or thickness, o f the coating.
0  decrease in the in itia l charge decay ra te  of the coating in  1 N sulfuric acid solution.
E ither ia and Cp are desirable for corrosion protection. They m easure, respectively, 
the corrosion curren t th a t can be sustained by the  polym er, and the  to ta l charge capacity  
of the  polym er.
T he deposition conditions also affected the  steady  s ta te  open-circuit po ten tia l ( E oc) of 
the  coating on Ph430SS. Nevertheless, all the E oc values are w ithin the passive po ten tia l 
range of the su b stra te  m etal.
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Chapter 5
S tab ilization  o f 430SS by P 3 M T  
C oatings
The properties of P3M T  films have been studied  intensively by a  num ber of investigators 
[36,37,46,51,54,53,60,62,63,77]. T he effect of dopan ts on P3M T films in aqueous salt solu­
tions has also been reported  [50,67,68,73]. However, the perform ance of P3M T  coatings in 
corrosive acid and base solutions has draw n little  a tten tio n  [9,8]. P revious investigations 
of m etal corrosion pro tection  were m ainly conducted in lith ium  perchloride or d ilu te sul­
furic and perchloric acid solutions [8,9,10]. Only D eberry has reported  studies in chloride 
containing solutions [9]. This study is an  investigation of the  capability  of P 3M T  coatings 
to  p ro tect 430SS RDEs in various corrosive m edia including concen trated  acid and base 
solutions as well as solutions containing chloride. Since 430SS is passive in the  positive 
po ten tia l region adop ted  by P3M T in m any aqueous solutions, it is therefore a  candidate 
for anodic protection by P3M T  coatings.
5.1 Preparation o f coatings on Ph430SS
Samples were first phosphated  according to  the procedure given in C h ap te r 3. A SEM 
m icrograph of a  Ph430SS w ith a phosphated  surface is shown in Fig. 5.1. T he porous 
surface provides an adherent base for the P3M T coating. D eposition conditions, especially 
the deposition curren t density ( i j ) ,  affect the steady open-circuit po ten tia l (E oc(st)) of 
coated electrodes as discussed in the previous chapter. T he coatings used for the  passivation
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Figure 5.1: SEM m icrographs. Top: the  porous surface of a Ph430SS. B o tto m : A P3M T 
coating on Ph430SS. Coating deposition condition: 60 m A /cm 2, 10.5 ra d /s .
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and stab ility  tests in th is chap ter were deposited  a t 300 m A /cm 2 and 2.62 ra d /s  for five 
seconds. T he m icrotexture of the coatings on Ph430SS RDEs was m ade up of overlapping 
hem ispheres 5 to 20 fim  in d iam eter (see Fig. 5.1). T he coatings were rougher than  those 
generated  on T iG r2 and C1010.
5.2 Self-discharge in 1 N sulfuric acid solution
A self-discharge curve is a  tim e record of the open-circuit po ten tial of a  sam ple. It provides 
a  m easure of the  ra te  of approach to  equilibrium  after a  change in  the environm ent. Self­
discharge curves of bare 430SS, Ph43QSS and P3M T -coated Ph430SS in 1 N sulfuric acid 
solution are shown in Fig. 5.2. It can be seen th a t the bare 430SS or Ph430SS moved 
to  an active corrosion po ten tial (around -0.5 V) after a  short tim e in the  solution. The 
phosphating step  did not substan tially  change the  properties of 430SS. On the o ther hand, 
Ph430SS coated w ith P3M T rem ained in a  passive s ta te  for five hours.
U nder n itrogen purge, oxygen reduction, which is supposed to  m ain tain  the  activity  
of the  P3M T  coating by balancing the corrosion curren t [8 ], is excluded. From Fig. 5.2, 
however, the  distinction  betw een the  self-discharge curves under air and nitrogen purges 
is not obvious. The coated electrodes rem ained passive under nitrogen purge for the  same 
tim e period (five hours) as under air purge.
5.3 Galvanic corrosion measurement in 1 N sulfuric acid 
solution
If the  coatings sustain  passivation galvanically, and not by acting as diffusion barriers, a 
sam ple of uncoated m etal in galvanic contact w ith the  polym er should be protected . The 
purpose of th e  galvanic corrosion m easurem ent was to  test the  ability of the  P3M T coating 
to  bias the  exposed m etal sam ple (430SS) in to  its passive region.
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Figure 5.2: Self-discharge curves for 430SS, Ph430SS and P3M T-coated Ph430SS in 1 N 
sulfuric acid solution.
(reference working electrode), it showed signs of corrosion, including dulling of the surface 
and loss of m ateria l after 33 m inutes. Values of m ateria l loss are listed in Table 5.3. W hen 
coupled to  coated Ph430SS in air- or n itrogen-sa tu rated  1 N sulfuric acid solution, the  
430SS working electrode rem ained a t a  po ten tia l near + 0 .5  V. Over th e  sam e tim e period, 
the 430SS rem ained brigh t in appearance and suffered no m easurable loss of m aterial.
T he test was no t affected by the  type of purge gas (a ir or nitrogen). In this study, 
nitrogen gas (high purity: O2  lOppm) was supplied by N ortheast Airgas, Inc. Usually, 
th e  passive curren t density  of iron is abou t 7 /xA/cm 2 in 1 N sulfuric acid solution [12]. 
According to  the calculation in A ppendix B, the  soluble O 2 under nitrogen purge is not able
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loss of m aterial 
from working electrode 
(430SS in gam)
430SS air 0 . 0 0 2 0
Ph430SS air 0.0034
Ph430SS n 2 0.0025
P3M T -coated Ph430SS air 0 . 0 0 0 0
p3M T-coated Ph430SS n 2 0 . 0 0 0 0
to  even com pensate 1 f i k j c m 2 passive curren t density  in 1 N sulfuric acid solution a t room 
tem peratu re . T herefore, oxygen reduction  under nitrogen purge is not a m ajo r contribu tion  
to  the stab ility  of the coating which is coupled w ith an exposed 430SS. This result, along 
w ith the result ob tained  from the  self-discharge experim ents, compels a reconsideration of 
the m echanism  of passivation by conductive polymers. This will be discussed in  the  next 
section.
T he galvanic corrosion m easurem ent provided evidence th a t the coating responds dy­
nam ically to  depassivation. In one test, a  430SS RDE, coupled with a  coated Ph430SS, 
was im m ersed in 1 N a ir-sa tu ra ted  sulfuric acid for eight hours w ithout any visible sign 
of corrosion. T he open-circuit po ten tia l of the 430SS RDE is shown in Fig. 5.3. A bout 
95 m inutes in to  the  m easurem ent, the  open-circuit po ten tia l underw ent a sharp  excursion 
to  near 0 V and then  re tu rn ed  to  a positive poten tial. W ithou t coupling to  the coating, 
uncoated steel sam ples th a t  become active in this solution do no t repassivate.
Since the  polym er provides a  galvanic current to  sustain  passivation of the  m etal, the 
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Figure 5,3: Galvanic corrosion test (1): open-circuit po ten tia l of 430SS, coupled w ith a 
P 3M T -coated  Ph430SS, in  1 N air-sa tu rated  sulfuric acid solution for 8  h.
ra tio  will result in the polym er being overwhelm ed by the galvanic dem and of the m etal. 
T he area  ra tio  is w ritten  here as A p/ A a, where Ap is the area of the  polym er coating and 
Aj th e  area  of the exposed steel surface.
T he self-discharge curves of 430SS RDEs (A a: 1.0 cm2) coupled to  either coated 
Ph430SS (Ap: 1.0 cm 2) or coated P t (Ap: 0.13 cm2) are p lo tted  in  Fig. 5.4. An Ap/A a 
ra tio  of 0.13:1 is insufficient to  passivate the m etal in 1 N air-sa tu ra ted  sulfuric acid solu­
tion. W ith  an  area ra tio  of 1:1 the sam ples rem ained passive up to  eight hours in the same 
solution (see Fig. 5.3).
In a  long-term  galvanic corrosion test, a  Ph430SS was coated w ith P3M T on one 
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Figure 5.4: G alvanic corrosion test ( 2 ): open-circuit p o ten tia l of working electrodes (430SS) 
versus tim e a t different a rea  ra tios of Ap/A , in 1 N a ir-sa tu ra ted  sulfuric acid solution.
tem p era tu re  in a s ta tio n ary  1 N sulfuric acid solution for th ir ty  days w ith no m easurable 
corrosion. T he m etal is p ro tected  even after p a rt of the  coating is removed.
5.4 Investigation o f the passivation mechanism
It was assum ed th a t  reduction  of dissolved oxygen on the  polym er balanced the  corrosion 
cu rren t. T he observation th a t  the polym er rem ains charged under nitrogen purge forced a 
reconsideration of th is steady-curren t m echanism . To investigate the m echanism  of passi­
vation, a bare 430SS working electrode was repeated ly  disconnected from and reconnected 
to  a coated  Ph430SS reference electrode. Fig. 5.5 depicts the  corresponding curve of f?oc
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Figure 5.5: G alvanic corrosion test (3): open-circuit po ten tia l of 430SS RDE versus tim e, 
while disconnecting from  and  reconnecting to  the  P3M T -coated Ph430SS RDE in 1 N 
sulfuric acid solution w ith air or N2 purge. D: Disconnected from the  P3M T coating. R: 
Reconnected to  the  P 3M T  coating.
«
vs. tim e. T he coating does change the E oc of the  exposed working electrode. However, 
when the  430SS R D E was first disconnected from the P3M T  coating after abou t 1100 s, the 
open-circuit po ten tia l of the  R D E first moved to  abou t -0.1 V and then slowly repassivated 
into the  positive po ten tia l region w ithout contact w ith the  polym er. For the rem ainder of 
the cycles, the  steel reverted  to  a  E oc around -j-0.2 V independent of the purge gas when 
not in con tac t w ith  the  polym er.
An a lte rna tive  to  th e  steady-curren t hypothesis is to  suppose th a t the polym er first 
supplies a  cu rren t to  the working electrode (430SS) during the  sho rt tim e required to  e s tab ­
Na
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lish the  passive film. This is a m echanism  originally proposed by D eberry [9]. T he polym er 
stabilizes the  passive film by providing a  transien t curren t to  ‘heal’ small holes before they 
expand. U nder this hypothesis, the ra te  of oxygen reduction w ithin the P3M T coating 
becomes less im p o rtan t since only a  small charge needs to  be passed from the  coating to  
the passive film. To m ain tain  it, the transien t curren t can be supplied by reduction of 
the  coating. T he coating is then  re-oxidized slowly by reduction of some oxidant in the 
environm ent.
A m echanism  th a t requires steady reduction of O 2 can not explain the  stab ility  of 
P3M T coatings and their efficiency for passivating the exposed m etal (430SS) under nitrogen 
purge in 1 N sulfuric acid solution. Sunde et al. a ttr ib u ted  the  stab ility  of P3M T films 
in aqueous solutions to  the  oxidizing power of the anions [6 8 ]. It is possible th a t some 
reduction  reaction, o th er th an  oxygen reduction, takes place in dilute sulfuric acid solution 
to  com pensate discharge of the  polym er. T he evidence presented here is not conclusive.
5.5 Reversibility o f polym er reduction/oxidation
R eversibility of P3M T-coated Ph430SS a t negative po ten tials in sulfuric and nitric acid 
solutions has not been reported  before. In this study, reversibility o f the coatings a t po­
ten tia ls  positive of -0.3 V was dem onstrated . It should be pointed ou t th a t  the passive 
po ten tia l region of 430SS is betw een -0.1 V and 0.6 V (see Fig. 1 .2 ). T he active corrosion 
po ten tia l is abou t -0.5 V. A desirable p roperty  of a  protective coating is to  rem ain reversible 
if the  su b s tra te  tem porarily  becomes active. T he reversibility of the  coatings was tested  by 
holding them  at a  negative po ten tia l and then  opening the circuit to  see if they re tu rn  to 
an  oxidized s ta te . For the  sake of consistency, each sam ple was first scanned a t 10 m V /s 
to  0.8 V and held for 2 m in, then  scanned (10 m V /s) to  a negative po ten tia l and held for 
a set period before the circuit was opened.
T he effect of electrolyte concentration and purge gas on the  open-circuit response in 
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Figure 5.6: O pen-circuit response of P3M T -coated Ph430SS in sulfuric acid solutions. Top: 
effect of concentration, Bottom: effect of purge gas in 1 N sulfuric acid solution.
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po ten tia l for 3 m in before the circuit was opened. T he coating rem aind reversible a t -0.4 V, 
b u t lost reversibility at -0.5 V. A t -0.5 V, the  su b stra te  becam e active in both  concentrated  
and 1 N sulfuric acid solutions. T he type of purge gas (air, n itrogen or oxygen) provided 
no visible difference in affecting the open-circuit response as in the case of self-discharge 
m easurem ents.
The effect of bo th  holding po ten tia l and holding tim e on the  reversibility of the  coated 
Ph430SS in 1 N a ir-sa tu ra ted  sulfuric acid solution is shown in Fig. 5.7. T he P3M T coating 
appeared to be discharged after being held a t -0.5 V for 1 m in and -0.4 V for 5 min. 
Evidently, the holding tim e did not affect reversibility a t -0.3 V. After 450 m in discharge at 
-0.3 V, the  P3M T coating rem ained reversible and recharged when the circuit was opened.
The stab ility  of P3M T coatings a t  po tentials positive of -0.3 V was fu rther dem on­
stra ted  by cyclic vo ltam m etry  (C V ) in  1 N a ir-sa tu ra ted  sulfuric acid solution. A stabilized 
P3M T -coated Ph430SS (after 50 po ten tia l cycles) was first held a t -0.3 V for one hour. Then 
the  circuit was opened, and cyclic voltam m ogam  was recorded. T he sam e m ethod was used 
to  plot the  voltam m ogram s after holding the  RD E a t  -0.5 V for 10 min and 40 m in respec­
tively. As a reference, a  voltam m ogram  of a  Ph430SS sam ple in the  sam e solution (held 
a t -0.5 V for 5 m in) was also p lo tted . All the voltam m ogram s are com pared in Fig. 5.8. 
For Ph430SS, there are two anodic current peaks corresponding to  uniform  corrosion of 
Ph430SS, the bigger one appeared  in the  negative po ten tia l range (left anodic peak). After 
being held a t -0.3 V for one hour, th e  voltam m ogram  of the  P3M T -coated Ph430SS only 
shows a little  peak a t the  position of the  left anodic peak of Ph430SS. By co n tra s t, the left 
anodic peak of the  P3M T -coated  Ph430SS begins to  show up afte r being held at -0.5 V for 
10 m in, indicating  corrosion of the  substra te . A fter being held a t -0.5 V for 40 m in, the 
P3M T coating was discharged, showing a  big anodic peak due to  m etal dissolution. The 
CV results confirm the  stab ility  of the P3M T coating at -0.3 V.
P lo ts of E oc vs. tim e for a clean 430SS RDE (working electrode), galvanically coupled 
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Figure 5.7: O pen-circuit response of P3M T -coated  Ph430SS in 1 N a ir-sa tu ra ted  sulfuric 
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Figure 5.8: Cyclic voltam m ogram s of P3M T -coated Ph430SS and Ph430SS in 1 N
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Figure 5,9: E oc versus tim e curves of a  430SS RDE coupled w ith  a  P 3M T -coated Ph430SS 
in 1 N a ir-sa tu ra ted  sulfuric acid solution afte r being held a t negative poten tials.
radio of A p/A s= 1 .0 , the couple was able to  recharge back to  a  positive p o ten tia l range after 
being held a t  -0.2 V for 600 s. However, when the couple was held a t -0.3 V, a short holding 
period (60 s) caused a  discharge of th e  coating and a  failure of the galvanic pro tection  of 
the coupled 430SS RD E. C om paring Fig. 5.9 w ith Fig. 5.7, it can be seen th a t reversibility 
of the  coating depends on the  Ap/A a ra tio . Reversibility of P 3M T -coated  Ph430SS was also 
observed in 1 N nitric acid solution (see Fig. 5.10).
Feldm an et al. found th a t even for highly reduced poly(pyrrole) films, the  current 
decay was very slow and  could last for 2 0  m in because the  discharge ra te  was lim ited by 
counterion tran sp o rt in 0.1 M E t4 NC 1 0 4 /C H 3CN system  [8 6 ]. A ccording to  Zhang et ai., 
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Figure 5.10: Open-circuit response of P3M T -coated Ph430SS in 1 N nitric acid solution.
ions (0.3 nm  in radius) and  SO4 -  ions (0.4 nm  in radius) are in this range [73]. Based on 
the  work done by Tourillon [67], it is possible th a t SO4 -  or N O j ions p en e tra ted  in to  and 
doped the P3M T coating to  an oxidized s ta te  and kept the  coating from fully discharging. 
T he reversibility of P3M T  coatings observed in this experim ent m ay reflect the power of 
anion doping.
To sum m arize, there are th ree im p o rtan t factors which con tribu te to  stable passivation 
of 430SS by P3M T  coatings in d ilu te sulfuric (or n itric) acid solutions. T he first is the  low 
curren t passed between P3M T coating and the steel after form ation of a passive film. This 
curren t balances the transpassive corrosion curren t. Second, a  reduction reaction in addition 
to  oxygen reduction takes place in the  acid solutions and keeps the  coating oxidized even 
under N 2 purge. T h ird  is the  reversibility of the  coatings to  reduction, possibly due to  the
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tran sp o rt of anions during charge and discharge.
5.6 The effect o f chloride and hydroxide
Uhlig et al. describe the  action o f chloride ions in breaking down passive films [12]. They 
point out th a t  chloride ions can p en e tra te  the passive oxide film through pores or defects. 
T he breakdow n of passivity by chloride ions takes place locally ra th e r th an  generally. Small 
anodes of active m etal are surrounded by large cathodic areas of passive m etal. T he resulting 
cells are called ‘passive-active1 cells. Since high curren t densities at the  anode cause high 
rates of local m etal dissolution, th e  ‘passive-active’ cells result in form ation of pits. From 
the following experim ents, it will be seen th a t chloride ions pen e tra te  th rough  the  P3M T 
coating and pit the su b stra te  (Ph430SS) in aqueous solutions. T he coatings are unable 
to  prevent th is localized corrosion. T he effect of hydroxide on P3M T coatings has not be 
reported  before.
T he self-discharge curves of P3M T -coated Ph430SS in dilute acid solutions are shown 
in Fig. 5.11. As expected, the electrodes were held w ithin the passive po ten tia l region of 
430SS in bo th  1 N sulfuric and nitric acid solutions. However, the coated Ph430SS quickly 
reverted  to  the active corrosion po ten tia l in aqueous solutions containing 1 N chloride. The 
o ther anions did no t m ain tain  the activ ity  of the  coatings.
Fig. 5.12 provides a com parison of self-discharge curves of P3M T -coated P t in dilute 
acid solutions. Even w ith an inert substra te , the  coating still lost its activ ity  in 1 N 
hydrochloric acid.
In the only published study of the  effect of C l-  on P3M T , D eberry investigated  a 
polyaniline-coated 430SS sam ple in 0.2 M NaCl -I- 0.2 M H2 SO4  aqueous solution. Oscil­
lations in the open-circuit po ten tia l of the sample continued for over th ir ty  hours around 
0.1 V w ithout loss of the  PA coatings’ activ ity  [9]. T he solution D eberry used was less 
aggressive th an  w hat we used here. For com parison, the m ateria l loss (after 1.5 h) of the 
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Figure 5.11: Self-discharge curves of P3M T-coated Ph430SS in dilute acid solutions.
on Table 5.6, it is evident th a t  the  anions, SO^- , NO3  and P O j- , reduced the  corrosion 
ra te  caused by chloride. T he corrosion ra te  in 1 N NaCl aqueous solution was very low 
com pared to  th a t in  chloride-containing acid solutions which implies th a t  the  corrosion ra te  
due to  a ttac k  of chloride depends on pH.
T he effect of chloride concentration on corrosion of coated Ph430SS was exam ined in 
sodium  chloride solutions. T he self-discharge curves are p lo tted  in Fig. 5.13. An increase 
of C l-  concentration produced a  m ore negative open-circuit po ten tial. In 1 N sodium  
chloride, 430SS sam ples im m ediately m oved into the active corrosion region. Table 5.6 gives 
a  com parison of bo th  m ateria l loss and Tafel plot results for the  coated Ph430SS following 
discharge in sodium  chloride solutions for one hour and a  half. C onsistent w ith the result 
ob tained  by D eberry [9], corrosion dam age in a very dilute sodium  chloride solution (less
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Figure 5.12: Self-discharge curves of P3M T -coated P t in d ilu te acid solutions. T he elec­
trodes were first held a t 0.8 V for 2  m in, then  opened th e  circuit.
th an  0.25 N) is negligible.
An a ttem p t was m ade to  pro tect the coated Ph430SS from corrosion in 1 N sodium  
chloride solution (near th e  com position of sea w ater) by p re trea tm en t of the coating to  
render it im perm eable to  C l- . T he electrodes were p re trea ted  by im m ersion in 70% nitric 
acid or 1 N sulfuric acid solution for one hour w ith a  ro ta tion  ra te  of 10.5 ra d /s . The 
p re trea ted  electrodes were im m ersed in 1 N sodium  chloride solution to  record self-discharge 
curves (see Fig. 5.14). T he p re trea tm en t of the coated Ph430SS shifted the open-circuit 
po ten tia l by abou t +0.2  V. This stab ility  im provem ent m ay be a ttr ib u ted  to  anions absorbed 
into the P3M T coatings. As m entioned previously, these anions occupy the  m icro-pores 
inside the  coating and  partia lly  block p ene tra tion  of the  C l-  ions.
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Table 5.2: M aterial loss and Tafel plot results of P 3M T -coated Ph430SS after discharge in 




M at. loss 
(g)




1 N H2 S 0 4 0 80.99 0.23
1 N HNO 3 0 153.4 0.47
1 N HC1 0.0047 -541.7 4474
1 N H2 S 0 4  +  1 N NaCl 0.0031 -546.1 3129
10% H 3 P 0 4  +  1 N NaCl 0.0018 -537.4 3232
1 N NaCl 0.0004 -422.8 9.89
The behavior of coated Ph430SS in 2  N potassium  hydroxide solution is shown in 
Fig. 5.15. No m a tte r  w hat th e  in itia l p o ten tia l was, £ oc always moved to  the  steady open- 
circuit po ten tia l of the  substra te . This ind icates th a t  the  coating lost its ac tiv ity  in the 
KOH solution.
Cyclic voltam m ogram s of the  coated Ph430SSS were p lo tted  in d ilu te acid and base 
solutions (see Fig. 5.16). In 1 N sulfuric or n itric  solution, the  first reduction peak of the 
electrode occurred a t positive poten tials. T he peak was m ore positive in 1 N sulfuric acid 
solution. T he second reduction peak for bo th  solutions appeared negative of -0.4 V and was 
coupled w ith  the  corresponding sm all anodic corrosion peak of Ph430SS. Small oxidation 
curren t peaks a t 0.8 V indicate recharge of the  coatings.
Cyclic voltam m ogram s in 1 N hydrochloric acid solution and 2 N potassium  hydroxide 
solution behaved very differently from  th a t in  d ilu te  sulfuric and nitric solutions. A large 
anodic current appeared  for bo th  CV curves at a  positive po ten tial. No reduction peak 
was observed in either solution, which im plies deactivation of the coating. T he anodic
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Figure 5.13: Self-discharge curves of P3M T-coated Ph430SS in sodium  chloride solutions.
peak around -0.4 V in sulfuric or n itric  solution did no t appear in d ilu te  HC1 and KOH 
solutions. T he cyclic voltam m ogram s again dem onstrate  the  stab ility  of P3M T  coatings in 
dilu te sulfuric and nitric acid solutions.
5.7 Durability o f coatings in concentrated acid and base 
solutions
To evaluate the degree of P3M T  coating degradation in concentrated  acid and base solutions, 
a coated Ph430SS was first trea ted  in such a  solution for tw o hours a t a ro ta tio n  ra te  of
10.5 ra d /s . T hen  50% of th e  p re trea ted  P3M T coating was removed from the substra te  
to  create  a  galvanic sam ple which had an area ra tio  o f Ap/A s equal to  1.0. T he galvanic
\_
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Table 5.3: M aterial loss and Tafel plot results o f P3M T -coated Ph430SS after discharge in 
NaCl solutions for 1.5 h.
Cone.
(N)
M at. loss 
(g)
E { I  = 0) 
(m V)
Icorr
( f iA /c m 2)
0 . 0 0 0 . 0 0 0 0 30.72 0.72
0 . 0 1 0 . 0 0 0 0 -99.25 0.35
0 . 1 0 0 . 0 0 0 1 -232.8 0.19
0.25 0 . 0 0 0 1 -295.7 0.90
1 . 0 0 0.0004 -422.8 9.89
sam ple was then  im m ersed in 1 N air-sa tu ra ted  sulfuric acid solution a t a ro ta tion  ra te  of 
105 ra d /s . The self-discharge curve of the galvanic sam ple was recorded (see Fig. 5.17).
It is obvious th a t  the coating rem ains active after im m ersion in 70% nitric acid or 
concentrated  sulfuric acid solution. C oncentrated  potassium  hydroxide solution dam aged 
the  P3M T coating to  a  certain  ex ten t. In the  sulfuric acid solution, th e  E oc vs. tim e curve 
of K O H (c)-pretreated  galvanic sam ple first moved to  near 0 V and  th en  recharged back to  
near 0.2 V and rem ained stable for th e  rest of the  tim e period. It can be concluded th a t 
P3M T  coatings resist degradation  in concentrated  acid and base solutions.
D urability  of th e  coating in 1 N hydrochloric acid solution was also exam ined. Even 
though the  coating lost the ability to  pro tect the  substra te  m etal (Ph430SS) in 1 N hy­
drochloric acid solution, the P3M T coating was still reversible after im m ersion in the  hy­
drochloric acid for tw o hours. T he H C l-pretreated  coating was able to  galvanically p ro tect 
th e  exposed m etal surface in 1 N sulfuric acid solution. R eversibility of P3M T  coatings in 
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Figure 5.14: Self-discharge curves of the  p re trea ted  P3M T -coated Ph430SS in 1 N sodium  
chloride solution.
5.8 Summary
T he P3M T  coatings were very stable in d ilu te  sulfuric acid and  nitric acid solutions. A 
reduction reaction o ther th an  oxygen reduction m ust take  place to  keep the coating active 
under the nitrogen purge. T he coatings galvanically p ro tected  the exposed 430SS from 
corrosion a t an Ap/A 4 ra tio  of 1.0.
Reversibility of P3M T coatings a t po ten tia ls positive of -0.3 V con tribu ted  to  the 
stabilization  of the  su b stra te  m etal in dilute sulfuric acid and nitric acid solutions.
The coatings failed to  pro tect Ph430SS from corrosion in aqueous solutions containing 
1  N chloride. T he coatings lost their ac tiv ity  in KOH solutions as well. However, The
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Figure 5.15: Self-discharge curves of a P3M T -coated Ph430SS in 2 N potassium  hydroxide 
solution.
coatings were not irreversibly dam aged by chloride or hydroxide ions. T he coatings can 
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Figure 5.16: Cyclic voltam m ogram s of P3M T -coated Ph430SS in d ilu te acid and  base so­
lu tions. In itia l po ten tial: 0.8 V, V ertex poten tial: -0.6 V, F inal po ten tial: 0.8 V. Scan rate: 
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Figure 5.17: Self-discharge curves of p re trea ted  galvanic sam ples (Ap/A 4 = 1.0) in 1 N 
a ir-sa tu ra ted  sulfuric acid solution. Top: p re trea ted  in severe acid solutions, Bottom:  pre­
trea ted  in  severe base solutions.
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Chapter 6
P 3M T  C oatings on T itan ium  and  
C arbon Steel
6.1 Preparation o f coatings
T he procedures to  form adhesive P3M T  precoatings (th in  polym er films) on titan ium  
(T iG r2 ) and carbon steel (C1010) have been given in C hap ter 3. A fter deposition of a 
th in  film, a coating was deposited a t 200 m A /cm 2 and 52.4 ra d /s  for 7.5 s. T he th in  film is 
formed in the  presence of chloride to  prom ote adhesion. Fig. 6.1 shows the  p its developed 
on titan iu m  by a ttac k  of chloride ions during form ation of th e  th in  polym er film. Since a 
P3M T  coating can not be directly  formed on top  of TiC>2 [15], polym er nuclei first form 
inside these p its and act as roots to  m ake the  th in  film adhesive. SEM  m icrographs of both 
the  th in  film and the full coating are shown in Fig. 6.2. A sim ilar effect is produced on 
C1010 surfaces (see Fig. 6.3).
6.2 Passivation of titanium  by P3M T coatings
T he surface com position of T iG r2 was ob tained  from an energy-dispersive X-ray spec­
troscopy (ED X S). U nfortunately, Al, Si, S and certain  am ount of Fe accidentally con­
tam in ated  th e  sam ple surface. T he result did not conform w hether or not a TiC>2 oxide 
film exists on the m etal surface. Following Deng et al. [8 ], a titan iu m  sam ple was trea ted  
by being slowly scanned (1 m V /s) to  3.0 V in 1 N sulfuric acid solution to  form a  thick
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Figure 6.1: SEM m icrographs showing p its on a  T iG r2 surface. Anodic deposition condition: 
10 m A /cm 2 and 0.52 ra d /s  for 20 s in 0.5 M 3M T /0.1 M T B A T F B /0 .1  (g /m l) ZnCl2 
propylene carbonate solution.
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Figure 6.2: SEM m icrographs. Top: a  P3M T th in  film. T he sam e deposition condition as 
in Fig. 6.1 except for 40 s. Bottom:  a P3M T  full coating. 200 m A /cm 2 and 1.57 ra d /s  for
7.5 s in 1.0 M 3M T solution.
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Figure 6.3: SEM  m icrographs showing p its on a  C1010 surface. Anodic deposition condition: 
500 m A /cm 2 and 0.52 ra d /s  for 20 s in 0.1 M 3M T /0 .1  M T B A T F B /0 .1  (g /m l) ZnCl2 
propylene carbonate  solution.
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T i0 2  oxide film (0.1 - 0.2 fj,M ). B oth  un trea ted  and trea ted  titan iu m  sam ples were used as 
working electrodes in galvanic corrosion tests.
T he perform ance of P 3M T  coatings in passivating titan iu m  was evaluated in 4 N sul­
furic acid and hydrochloric acid solutions a t several tem peratu res. T he techniques used for 
th is purpose were m easurem ent of self-discharge and galvanic corrosion tests. For experi­
m ents a t elevated tem p era tu re , hot w ater from a con tro lled -tem peratu re b a th  was circled 
th rough  the  jacket of an electrolysis cell (see Fig. 3.2). An A g/A gC l reference electrode 
and a  p latinum  counter electrode were used in the m easurem ents. To record self-discharge 
curves, electrodes were ro ta ted  a t a  ra te  of 52.4 ra d /s  and held a t 0.8 V vs. A g/A gC l for 
2  m inutes before th e  circuit was opened.
Self-discharge curves of titan iu m , the  P3M T -precoated titan iu m  w ith a  th in  film and 
fully coated titan iu m  a t room  tem p era tu re  are shown in Fig. 6.4. C om pared w ith the  bare 
titan iu m , th e  fully coated titan iu m  had a  m ore positive open-circuit po ten tia l, E oc. T he 
E oc differences were 0.275 and  0.065 V in the  sulfuric acid and hydrochloric acid solutions 
respectively. It is clear th a t  th e  P 3M T  th in  film alone is not able to  poise the su b stra te .
To evaluate  the  perform ance of the  coatings a t higher tem p era tu res , the  m easurem ents 
were repeated  a t 50°C and 70°C. U ncoated titan iu m  was also tested  for com parison. Fig. 6.5 
shows th e  self-discharge curves a t 50°C. T he 2?oc of th e  bare  titan iu m  moved negative of 0 V 
after a short tim e in bo th  acid solutions. W ith  the  coating, the  su b stra te  was held positive 
of 0.2 V th roughou t th e  te s t period in the  sam e solutions. T he coating was effective in the 
acid solutions a t tem p era tu re  up to  50°C. However, when the  tem p era tu re  was increased to  
70°C, the coating broke up after th ir ty  m inutes in  bo th  4 N sulfuric and  hydrochloric acid 
solutions, following a  sharp  excursion of E oc in to  th e  active region (see Fig. 6 .6 ).
A galvanic corrosion m easurem ent was done w ith  a  titan iu m  sam ple w ith a  preform ed 
thick oxide layer as working electrode and a  polym er-coated titan iu m  electrode as reference 
working electrode. T he galvanic curren t vs. tim e curve a t 45°C is showed in Fig. 6.7. T he 
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Figure 6.4: Self-discharge curves of TiGr2, P3M T-precoated TiGr2 and P3M T-coated TiGr2
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Figure 6.5: Self-discharge curves of TiGr2 and P3M T-coated TiGr2 at 50°C. Top: in 4 N
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Figure 6.6: Self-discharge curves of TiGr2 and P3MT-coated TiGr2 at 70°C. Top: in 4 N
sulfuric acid solution. Bottom : in 4 N hydrochloric acid solution.
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Figure 6.7: Galvanic curren t versus tim e curve of galvanic couples in 4 N sulfuric acid solu­
tion a t 45°C. W orking electrode: trea ted  T iG r2; Reference working electrode: P3M T -coated 
T iG r2.
the  coated electrode. A ccording to  Deng et al. [8 ], a  sm all electron curren t from the  working 
electrode to  the  P3M T  coating implies stabilization  of the  exposed T i0 2  oxide layer by the 
polym er. T his experim ent supports their conclusion. T he T i ( > 2  layer was stable for the full 
tes t a t 45°C.
A nother galvanic corrosion test shows th a t  before the P3M T  coating broke up a t 70°C 
in 4 N sulfuric acid solution, it did passivate the coupled bare titan iu m . From  Fig. 6 .8 , 
the  titan ium  was first passivated by the coupled coating for abou t 350 s indicated  by a 
very sm all curren t (a  few /xA), the test was then in te rru p ted  by opening th e  circuit for 
2 s. A great current was observed in the  wake of opening th e  circuit, corresponding to  the 
corrosion of titan iu m  and th e  discharge of the  coupled coating.
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Figure 6 .8 : Galvanic curren t versus tim e curves of T iG r2 coupled w ith th e  P3M T -coated 
T iG r2 in 4 N sulfuric acid solution a t 70°C. T he tes t was in te rru p ted  by tem porarily  opening 
the circuit for 2  s.
6.3 Electrochem ical Im pedance of coated titanium  electrodes
Electrochem ical Im pedance Spectroscopy (EIS) is a powerful tool for studies on electrode 
covered by organic coatings. Kendig et al. illu stra ted  several equivalent circuits for coated 
electrode system s (Fig. 6.9) [90]. T he W arburg interface (W ) is a circuit elem ent repre­
senting mass transfer resistance. For a coated electrode, i t  is dom inated by resistance in 
the coating. C m , the double layer capacitance, arises th rough  direct contact betw een sub­
s tra te  and electrolyte th a t  has p ene tra ted  the  coating. A double (or dipole) layer forms 
a t the  m etal/e lec tro ly te  interface. T he add itional circuit elem ents are the  coating  capaci­
tance (Cc), the  electrolyte resistance (ifn)> the  pore resistance ( f ip) and electron-transfer
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Figure 6.9: Possible equivalent circuits for organic coatings (after [90]).
resistance (J2*). EIS is sensitive to  all these effects [87,90].
EG& G  PARC provides a  basic in troduction  for evaluation of different organic coatings 
by EIS [8 8 ]. M any electrochem ical im pedance studies of resistive organic coatings have 
appeared  [89,90,91,92]. M ost of th e  studies concentrate  on the stab ility  and delam ination of 
coatings in corrosive m edia. H ulster et al. applied im pedance m easurem ents to  a conductive 
polym er coating, polypyrrole (P P ), on alum inium  in aqueous electrolytes [14]. It was found 
th a t  P P  deposited in the pores of anodically p re trea ted  alunim ium  had a  high resistivity 
( 1 0 6  fi) due to  overoxidation a t high local cu rren t densities.
In th is study, the  stab ility  of P3M T  coatings on titan ium  in both  an  acid solution and 
am bient air was investigated  by EIS. A coated sam ple was first im m ersed in 1 N sulfuric 
acid solution a t a  ro ta tion  ra te  of 52.4 ra d /s . EIS m easurem ents were then  conducted 
periodically, w ith th e  electrode left a t open-circuit between m easurem ents. T he im pedance 
d a ta  were obtained  a t frequencies from 1 0 - 3  to  1 0 5 hz, and the results were displayed as 
Bode plots (see Fig. 6.10).
T he Bode plot (A) (after 1 h) is dom inated by capacitance charac te r since the  phase 









Figure 6.10: Bode plots for a  P3M T -coated T iG r2  in 1 N sulfuric acid solution. P3M T 
deposition condition: 200 mA and 1.57 ra d /s  and 7.5 s. (A), after 1 hour, (..). after 1 day, 
(B ). after 2 days.
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the  coating is around 106  fi after one hour of im m ersion (read from the  in tercept of log \Z\ 
vs. log f  curve). This value is abou t the same as th a t  of the PP  coatings on alum inium  
m easured by Hulser et al. a t higher local current densities [14], After im m ersion in the  acid 
solution for one day, the to ta l resistance of the P3M T  coating dropped to  abou t 103  fi due 
to  the increase of capacitance and decrease of porous resistance to  ionic species [90,92]. The 
corresponding 9 vs. log f  (..) curve shows two peaks indicating a  double layer capacitance, 
C ji, as discussed by Kendig et al. [87]. Since it arises by in teraction  betw een substra te  and 
electrolyte, Cdi is a  signal of delam ination of an organic coating.
T he consecutive Bode plot (B ), obtained afte r im m ersion for one more day, shows 
no fu rther decrease of the to ta l resistance. In the log |Z | vs. log f  curves of the P3M T 
coating, the plot (B) overlaps the plot (..) right in the  m iddle slop range, which implies 
th a t  there was no fu rther capacity  increase. From  th e  9 vs. log \Z\ curve (B ), the  peak 
for Cat d isappears, resulting  in a more regular curve. T he stabilization of th e  coating after 
two days m ay be a ttr ib u ted  to  the form ation of a  th in  layer of corrosion product on the 
delam inated surface area.
T he stab ility  of coatings on titan iu m  in am bient air was also exam ined. Fig. 6.11 
depicts Bode plots of the  coating before and after exposure to  am bient air for forty  days. 
T he first Bode plot shows th a t the coating was resistance-dom inated (th e  to ta l resistance is 
abou t 104 fi). A fter exposure to  am bient condition for 40 days, the P3M T  coating became 
capacitance-dom inated w ith a  to ta l resistance over 103  Q, T he decrease of the coating 
resistance was m uch slower in air th an  in the  acid solution. T he increase of capacity  m ay 
be due to  the  u p take of w ater [87] from am bient air.
T he Bode plot of the  precoated titan ium  resembles th a t of bare titan ium . T he very 






Figure 6.11: Bode plots for a  P3M T -coated T iG r2 in 1 N sulfuric acid solution. P3M T 
deposition condition: 200 m A, 52.4 ra d /s  and 7.5 s. in itial test, ( - ) .  after exposed in 
am bient air for 40 days.
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6.4 Approaches for protection o f carbon steel by P3M T  
coatings
A Tafel plot of C1010 in 1  N a ir-sa tu ra ted  sulfuric acid solution is shown in Fig. 6 .1 2 . 
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Figure 6.12: Tafel plo ts of C1010 and the  prepassivated C1010 in 1  N a ir-sa tu rated  sulfuric 
acid solution. T he prepassivation of C1010 was conducted by holding C1010 a t 0.6 V in 
70% nitric acid solution (10.5 ra d /s )  for 1.5 h.
C1010 could be pro tected  by a  conductive polym er in  certain  circum stance. In this study, 
two approaches were m ade for addressing this problem . T hough the approaches were not 
successful, they  m ay give some clues for fu rther study.
T he first approach was to  prepassivate the  m etal by form ing an oxide film on the 
surface of C1010. Prepassivation was in tended  to  reduce the galvanic load on th e  polym er. 
T he oxide film was formed in concentrated  nitric solution (70%) by holding the  sam ple at 
0.6 V for 1.5 h. A Tafel plot of the prepassivated C1010 is also shown in Fig. 6 .1 2 . A
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passive region between 200 mV and 700 mV can be easily identified. T his range m atches 
with the  E oc region of a P3M T coating, indicating the possibility of passivation by the 
coating. N evertheless, the  polym er coatings did not stabilize the prepassivated C1010.
A second approach was to  form a com posite polym er/phosphate-conversion coating. 
Sugam a et al. found th a t w ater-soluble PAA m acrom olecules significantly im proved the 
stiffness and ductility  of zinc phosphate  conversion coating on carbon steel surface [93,94], 
In addition, the  surface sites of PAA on the  com plex zinc phosphate coating acted  efficiently 
to  prom ote interfacial adhesive bonding to  polym eric topcoats. My task  was to  first m ake a 
polyacrylic acid (PA A)-m odified zinc phosphate conversion precoating on CIO 10 and then 
form a  P3M T  coating on top o f it. In th is laborato ry , the  best solution to  form the zinc 
phosphate precoating has the  following com position: 3% phosphoric acid, 3% Zn(PC>4 ) 2  
and 2% PAA (M W  90,000) in distilled w ater. C oating tem p era tu re  range: 55 -  60°C. 
C oating tim e period: 15 m in. A uniform  coating w ith fine crystals was form ed under 
these conditions. U nfortunately , th e  precoating has very high electrical resistance, and it is 
im possible to  electrochem ically deposit a  com plete coating on to  it. This approach m ay yet 
be possible for polym ers th a t can be processed in solution and applied m echanically to  the 
surface.
6.5 Summary
An adhesive P3M T  th in  film was first form ed on titan iu m  or carbon steel surface. T hen a 
thick P3M T coating was deposited onto  the  th in  film. This trea tm en t produces an adherent 
full coating.
A t tem p era tu res below 50°C, the  P3M T  coatings were stab le  and p ro tec ted  titan iu m  
from corrosion in the  tested  acid solutions. Successful pro tection  by a coating deposited 
directly on to  titan iu m  represents an  advance tow ards a  p ractical protective coating.
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Chapter 7
C onclusions and  
R ecom m endat ions
This study  has dem onstrated  th e  application  of poly(3-m ethylthiophene) (P 3M T ) coatings 
for passivating substra tes, including 430 stainless steel (430SS) and titan iu m  (T iG r2 ) in 
certain  corrosive m edia. An a ttem p t to  p ro tec t C1010 carbon steel was unsuccessful.
430SS was anodically phosphated  to  form an uniform  porous surface (Ph430SS) to 
which the  deposited P3M T  coating firm ly adhered. An adhesive P3M T th in  film was first 
deposited on th e  surface of T iG r2  or C1010 from a  d ilu te  3M T propylene carbonate  solution 
containing chloride ions. A full P3M T  thick coating was then  formed on top  o f the thin 
film.
Electropolym erization (or deposition) conditions substan tia lly  affected the properties 
of the  coatings. For P3M T films deposited on p latinum , increase of the deposition current 
density  increased th e  exchange curren t density  and redox capacity  of the  resulting  coating 
in 1  N sulfuric acid solution. Increase of convective tran sp o rt during form ation decreased 
the  exchange curren t and redox capacity  of the  coating. Deposition conditions had com plex 
effects on coating m orphology. These effects are probably determ ined by the  interfacial 
concentration of free radicals during coating form ation, as well as o ther factors. D eposition 
param eters, especially deposition curren t density, affected the self-discharge behavior of the 
coatings as well.
T he P3M T  coatings, which were stable w ithin the  test periods of th is study, stabilized
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430SS in its passive s ta te  in 1 N sulfuric acid solution. T he coatings galvanically protected  
exposed 430SS surface from corrosion in 1  N sulfuric acid solution a t an  Ap/A , ra tio  of 1 :1 . 
T he type of purge gases, such as air and n itrogen, did not affect the  tests. A reduction 
reaction o ther th an  oxygen reduction  takes place to  keep the  coatings active.
It was found th a t  reduction  of P3M T -coated Ph430SS is reversible if the po ten tia l is 
not driven negative of -0.3 V in sulfuric and nitric  acid solutions. R eversibility contributes 
to  the  stab ility  o f the coatings.
T he coatings failed to  p ro tec t Ph430SS from corrosion in  aqueous acid and salt solu­
tions w ith 1 N chloride. A likely corrosion m echanism  is th e  penetra tion  of C l-  ions through 
th e  polym er coating and p ittin g  on the  su b s tra te  surface. T he coatings lost their ac tiv ity  in 
KOH solutions as well. However, the coatings were no t irreversibly dam aged by im m ersion 
in these solutions. T he coatings can also susta in  the  trea tm e n t in concentrated  acid and 
base solutions.
T itan ium  (T iG r2) can be galvanically passivated in 4 N sulfuric and hydrochloric acid 
solutions a t a tem p era tu re  below 50°C. At 70°C, P3M T  coatings broken up after a  short 
tim e and failed to  p ro tect the  substra te . A galvanic cu rren t of abou t 6 /rA /cm 2  between the 
TiC>2 oxide film and coupled P3M T  coating was recorded a t 45°C.
Electrochem ical Im pedance Spectroscopy (EIS) was used to  evaluate th e  short-term  
stab ility  o f P3M T  coatings on titan ium . T he result indicates th a t  the to ta l resistance of 
the  coating was sharply  reduced after im m ersion in 1  N sulfuric acid solution for one day 
and then  stabilized after one more day. T he P3M T coating lost some resistance after forty 
days in am bient air.
T he following issues are  recom m ended for fu tu re study.
•  Besides oxygen reduction in d ilu te sulfuric or n itric  acid solutions, ano ther reduction 
reaction plays an  im p o rtan t role to  stabilize the  P3M T coatings. F u rther study  is required 
to  identify th is reaction.
• T he vulnerability  of P3M T to  a ttack  by C l" is a severe lim itation . A tten tion  should
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be given to modification of the polymer to make it more resistant.
•  Reversibility a t negative poten tials needs to  be fu rth e r explored since it is a  critical 
factor for the stability  o f the coatings.
• K inetic studies on electropolym erization of 3M T could be ano ther in teresting  task.
•  It was shown th a t a Keggin-type heteropolyacid, such as H 3 M 0 1 2 O 4 0 P, im mobilized 
in P3M T coatings during the  electropolym erization, catalyzes oxygen reduction. However, 
the acid gradually  dissolved in aqueous solutions. F u rth er investigation of heteropolyacids 
as cata lysts in P3M T  coatings would be worthwhile.
•  From the economic point of view (see A ppendix C ), conductive coatings electropoly­
merized in aqueous solutions are more practical. Polypyrrole would be a good choice for 
fu tu re  study of m etal corrosion protection.
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N O M ENC LATUR E
430SS: 430 stainless steel
A c: m easured cathodic peak area, cm 2
A w \ to ta l graph  area  in X-Y recorder, cm 2
Ap: polym er coating area, cm 2
Aa: exposed steel area, cm 2
A t'. exposed titan iu m  area, cm 2
AVN: average vernier num ber for coulom etry
Ca: charge capacity  of P3M T coating in  1 N sulfuric acid solution, C /c m 2
Cc: polym er coating capacitance, C /c m 2
Crf/: double layer capacitance, C /cm 2
Cp: redox capacity  of P3M T coating, C /cm 2
C t‘. cu rren t charge corresponding to  A w , C /cm 2
CV: cyclic voltam m etry
C1010: C1010 carbon steel
E oc\ open-circuit po ten tia l, V
EIS: Electrochem ical Im pedance Spectroscopy
EDXS: Energy Dispersive X -ray Spectroscopy
f: frequency in EIS, Hz
HPA: heteropoly acid
io: exchange curren t density  of possible oxygen reduction, m A /cm 2 
id : deposition curren t density, m A /cm 2
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i Corr • corrosion curren t density, m A /cm 2
P t: p latinum  RDE
PA: polyaniline
PC: propylene carbonate
P P : poly pyrrole
PT : polythiophene
PAA: polyacrylic acid
P3M T: poly(3-m ethylthiophene)
Ph430SS: phosphated  430 stainless steel 
Rn: electrolyte resistance, ohm  
R p: pore resistance of coating, ohm 
R t‘ electron-transfer resistance, ohm  
rpm : ro ta tion  per m iuntes 
RDE: ro ta tin g  disk electrode 
SCE: s tan d ard  calomel reference electrode 
SEM: Scanning E lectron M icroscopy 
ij:  deposition tim e, s 
T iG r2 : grade-2 titan iu m
T B A T FB : tetrabu ty lam m onium  tetra fluo roborate  
Z: to ta l im pedance in EIS, ohm  
Greek L ette rs :
fi: ro ta tion  ra te  of a R D E, ra d /s  or rpm  
4>cott'■ corrosion p o ten tia l, V 
6 : phase angle in EIS, degree
A p p en d ix  A
C om position  and P rop erties o f  
M etal Sam ples
All the  m etal sam ples were purchased from M etal Samples C orporation. T he physi­
cal properties and com position of the  m etal sam ples are sum m arized in the  following 
tables. T he surface com position of the  T iG r2 sam ples was analyzed by EDXS in In- 
s tru m en ta tio n a l Service a t  UNH.
Table A .l: Physical P roperties of M etals
P roperty 430SS TiG r2 C1010
Tensile Str. na 78 Ksi na
Yield P T na 48 Ksi na
Elongation na 28% na
Red. of A rea na 47% na
Hardness na na na
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Table A.2: Composition of Metal Samples (%)
Elem ent 430SS TiG r2 C1010
A1 0.005
C 0.036 0 . 0 1 0 0.080
C r 16.60
Cu 0 . 1 0 0






P 0.028 0 . 0 2 2
S 0.013 0 . 0 1 2
0 0.130
N 0 . 0 1 0
H 35E-6
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A p p en d ix  B
C alculation  o f O xygen  
C oncentrations
(I) C oncentration o f oxygen required to support a galvanic current in the  
diffusion-lim ited regime
For a  galvanic curren t tes t in  1 N sulfuric acid solution, assum e the  lim iting galvanic 
curren t density  is due to  oxygen reduction a t the  P 3M T /electro ly te  interface and has 
a  value of 1 fiA /c m 2. According to  the  Levich equation [95]
it = 0 .62nFf?o/3n 1/ 2t / - 1/6Co (B ..1)
where n is electrons transferred  (equiv /m ole), F F araday ’s constan t (96,487 C /equiv), 
D q diffusivity of oxygen in a  given solution (cm 2 /s ) , fi ro tation  ra te  of the R D E (rad /s ) , 
v  k inem atic viscosity of a given solution (cm 2 /s )  and Co bulk concentration  o f oxygen 
in  the  solution (m ole/cm 3) a t the  lim iting current condition.
For 1 N sulfuric acid solution, taking ij =  l  /xA, n = 4 , Z3o=3.0*10- 5  cm 2/s  [96], 
fi= 105  ra d /s  and i/=0.011 cm2/s  [96], Co can be calculated from the  Levich equa­
tion as 1,99*10_1° m ole/cm 3  or 1.99*10 - 7  m ole/L .
(II) Solubility o f  oxygen in water at room tem perature
T he solubility of oxygen in w ater is higher th an  th a t  in sulfuric acid solutions [97].
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A t 23°C (room  tem p era tu re ) [97]:
10- 7  * K  -  3.215 (B ..2)
where K is the  H enry’s constan t
K  = ^  (B ..3)
where p o 7 is the  p artia l pressure of oxygen (m m H g) in the gas phase, is the  mole 
fraction of oxygen in the  solution.
(a) a ir purge: 2 1 % oxygen is contained in air.
0.21 * 760 * 10 - 7  „ .
i o ,  = -------- 3 - ^ 5 --------- =  4-96 * 10 (B ..4)
So th a t
C0  =  (4.96 * 10_6)(55.56) =  2.76 * 10~ 4 m o le /L  (B ..5)
(b) N 2 purge: N itrogen gas used in  this stu d y  contains lOppm oxygen.
10 - 5 * 760 * 10" 7  n 
x o 7 -  -------- 3 ^ 5 ---------- =  2 3 6  * 1 0  (B ..6 )
So th a t
C 0  =  (2.36 * 10~lo)(55.56) =  1.31 * 10~ 8  m o le /L  (B ..7)
By com parison w ith the  calculated resu lt from (I), it can be seen th a t  under nitrogen 
purge, oxygen reduction is not able to  balance th e  galvanic curren t density  during the 
galvanic corrosion tests in 1 N sulfuric acid solution a t room  tem peratu re .
I l l
A p p en d ix  C
A  R ough  E stim ation  o f U n it  
C ost for P 3M T  and P P  C oatings
C oating engineers are concerned ab o u t un it pain ting  cost. Therefore a rough eco­
nomic analysis of electroconductive polym er coatings, such as po ly(3-m ethylth iophene) 
(P 3M T ) and polypyrrole (P P ), has been conducted by au thor.
T he price of a chem ical reagent is taken  as the  price a t the  labora to ry  research scale. 
T he expected cost of the  conductive coatings are discounted by 50% relative to  th is 
scale. T he unit cost of a  coating is estim ated  as do lla rs/p er square foot as com pared 
w ith  regular organic coatings. Cost of m aintenance is no t taken in to  account. However, 
we assum e the conductive coatings would cost less th an  regular organic coatings to  
m ain ta in  because of their ability  to  function even after being scratched or partia lly  
removed.
Part I: Estimation of cost for P3MT coatings
( 1 ) P rice of the  chemicals purchased from Aldrich:
3M T $53.90/100 gram s
Propylene carbonate  $204.85/18 L
TB A TFB  (supporting  electrolyte) $129.90/100 gram s
(2) Solution:
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1.0 M 3M T w ith 0.1 M TB A T FB  in propylene carbonate.
(3) E lectrode area: 1 f t 2
E lectrolyte volume in cell: 150 L or 5,3 f t3  
Possible cell size: 2 * 2 * 1.5 (in foot)
(4) T otal cost for raw  m aterials:
3M T $7,939 for 14.5 L or 14.73 kg
P ropylene carbonate $1,542 for 135.5 L
T B A T FB  $6,481 for 4.99 kg
T otal Cost: $15,962
If discounted 50%, the  to ta l cost should be: $7,981.
(5) If we apply  low cu rren t density  (e.g. 50 m A /cm 2) and m ake a  coating of m oderate 
thickness (ab o u t 1.0 C /c m 2), we can m ake approxim ately  40 coatings. T hen  the  unit 
cost of the  P3M T  coating would be: $ 2 0 0 /ft2.
T he unit labor and electricity costs are  negligible com pared w ith the cost of the coating 
itself. I t  is possible to  find some less expensive supporting  electrolyte to  reduce the unit 
cost of P3M T coatings.
Part II: Estimation of cost for PP coatings
Is is obvious th a t  if a  conductive coating can be synthesized in an aqueous solution, it 
will save th e  cost for organic solvent, indicating  the  more expensive organic supporting 
electrolyte. T he unit cost of the conductive coating would therefore be drastically  
reduced. Polypyrrole is one of the  su itab le candidates which can be formed in aqueous 
m edia. T he following is a  cost estim ation for P P  as a  conductive coating.
(1) P rice of the  chemical reagents:
Pyrro le $104.55/0.5 L (Aldrich)
Distilled w ate r $0.5/L  (approxim ation)
(2 ) Solution:
1.0 M pyrrole in distilled w ater.
(3) E lectrode area, e lectro ly te volume' as well as cell size are sam e as P a rt I.
(4) T otal cost for row m aterials in above cell:
Pyrrole $2,171 for 10.38 L
Distilled w ater $70 for 140 L
Total cost: $2,241
If discounted for 50% off price due to  industrial application , the  to ta l cost should be: 
$1,120.5
(5) For a  coating sim ilar to  th a t  in P a rt I, approxim ately  40 coatings could be formed. 
T hen  the un it cost of the P P  coating should be: $ 2 8 /fta. It can be seen th a t the unit 
cost of th e  P P  coating is reduced abou t 85% com pared w ith th a t of th e  P3M T  coating.
Part III: Unit cost comparison between conductive coatings and regular 
organic coatings.
A tab le  for m ateria l costs of pain t and protective coatings in 1978 is given in Table C
[981
Table C [98] shows the  coating cost d a ta  for s tru c tu ra l steel in  1978. Field labor, 
equipm ent, and re la ted  costs were added upon th e  m aterial cost in th is  table.
If we add one dollar for all o ther costs in the  case o f a  conductive coating. A com parison 
betw een th e  unit cost of P3M T  or P P  coating and three-coat vinyl (see Table C) can 
be illu stra ted  as following:
T he C E Index [99] can be used to  account for inflation. T he unit cost of three-coat 
vinyl is corrected to  $3.0 7 3 /ft2 in 1992 if we take C E index of 230 for 1978 and 600 for 
1992 respectively. Therefore, in  th e  case of the  P3M T coating, the  ra tio  of unit costs
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Table C .l: 1978 Typical M aterial Costs for Paint and Protective Coatings
TABLE 20.3 1978 Typical Material C o s ts  for Paint a n d  Protect ive  C o a tin g s
T ype
Tvpical 
d rv  film 
thickness 
p e r  coat 
(mils)
A p p ro x im ate  cost per sq u a re  foot at 
typical d ry  film th ickness (cents)
T h eo re tica l
Spray
(practical)*
R oller or 
b ru sh  
(p rac tica l)t
A lkvds
P rim er 1.5 1.7 2.5 1.9
Gloss topcoats 1.5 1.6 2.2 1.7
Silicone alkyd 2 0 3.2 4.5 3 5
L atex
P rim er 2.0 2.5 3,5 2.7
T o p co a ts 1 5 2 3 3 3 2.6
Epoxy es te r
P rim er 1.3 1.9 2.7 2.1
T o p c o a ts 1.5 2.3 3.3 2.6
Z inc-rich  p rim e rs
In o rg an ic ; se lf-cu red 3.0 6.1 8.7 t
O rg an ic ; epoxy 3.0 7.4 10.5 8.2
E poxy
P rim e r 2.0 2.9 4.1 3.2
H ig h -b u ild  in te rm e d ia te 4.0 5.5 7.9 t
co a t o r  topcoat
Finish (enam el) co a t 2,0 2 .6 3.7 2.9
C h lo r in a te d  ru b b e r
P rim e r 2.0 3.8 5.4 4.2
H ig h -b u ild  in te rm e d ia te 4.0 6.0 9.2 t
co a t o r  to p co a t
Finish (enam el) coat ■ 1.5 2.7 3.3 3.0
S o lu tio n  vinyls
P rim e r 1.5 3 .9 5.6 i
H ig h -b u ild  in te rm ed ia te 4,0 9 .5 13.6 *
co a t o r  topcoat
F in ish  (enam el) coat 1.5 3.7 5.3 t
U re th a n e
A lip h a tic  u re th a n e 1.5 4.1 5.9 4.6
C o a l- ta r  epo x y
S ta n d a rd 8.0 5.8 8.2 t
C 200  version 8.0 6.2 8.9 t
s o u r c e : P re sen ted  a t th e  N A C E  A n n u a l C o n feren ce . A tlan ta , G a,, M a rc h  1979. 
n o t e : C osts a re  a p p ro x im a te , based  on 1978 da ta .
* 30 p e rc e n t sp ray  loss, 
f  10 p e rcen t loss by b ru sh  o r  roller, 
t  S p ra y  only.
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TABLE 20.5 1978 Coalings Cost Data for Structural Steel on the Ground*
East C oast; all w ork a t jobsite











p rep a ra tio n
Prim e
coal
In te rm ed ia te
coal Tr>|Hnnt
T w o-coat alkyd SP-2; SP-3 3.5 S 047 $ 35 1 10 s S .10 f  .597
T h re e -c o a t alkyd SI‘-2; SI*-3 5.0 .069 .35 .III .10 .10 .719
T h ree -co a t alkyd S P G 5.0 .(Hi!) .45 .10 .10 .10 .819
T w o-coat latex 5l*-2; SI‘-3 3.5 .OtiH .35 10 .10 1 i 1M
T h re e -c o a t Latex SP-2; SP-3 5.0 .101 .35 .10 .10 .10 751
T h re e -c o a l latex SP-6 5.0 .101 .45 .10 .10 .10 .851
T w o-coat epoxy SP-(i 6 .0 .12 .45 .15 .15 .897
T ltree -co a i epoxy SP-6 10.0 .199 .45 .15 .15 .15 1.099
T h re e -c o a t inorgan ic  /in c . SP-10 11.0 .245 .55 .20 .15 .15 1.295
h igh-bu ild  epoxy
T h re e -c o a l ino rgan ic  /in c . SP-10 H.5 .225 .55 .20 .15 .15 1.275
high -b u ild  epoxy , aliphatic
u re th a n e
T h re e -c o a t vinyl SP-10 9.5 .328 .55 .10 .1(1 .10 1.178
T h re e -c o a t c h lo r in a te d  ru b b e r SP-G 10.0 .238 .45 10 .10 .10 .988
T w o-coat coal-tar epoxy SP-6 IG.O .164 .45 .15 .15 91 I
su u ttc r :  P resen ted  a i th e  N A C E A nnual C o n feren ce , Ail,m l,i, ( ia ., M arch 1979.
N o r t :
1. All prices o n  square-Tool basis. T o  convert lo  typical ion  si/e , m ultip ly  by 250.
2. 30 |<crcenl sp ray  loss.
3. A  10 p ercen t a re a  to r  to u c h -u p  is assum ed .
4. M aterial based  o n  1978 prices.
5. L abor based  u n  |2 0  p e r  p e rso n -h o u r, lo aded  ra te .
* For prices in th e  a ir  a f te r  erec tion , a d d  25 percen t lo r  sim ple s tru c tu res  an d  5U p e icen i fo r in trica te  an d  com plex  s u m m it 's  See 'fab le s  2 d .I, 
















= 65.4 (C ..1)
3.073
Accordingly, in the  case of the  P P  coating, the  ra tio  of un it costs is:
28
3.073
=  9.1 (C ..2)
Obviously, the  cost of the  conductive coatings is high for the  tim e being, b u t they m ay 
become economical for p ro tec tion  of som e delicate devices.
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